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PA MV 9 ZVM" 
The photodarkening effect in evaporated As 2 S 3 films, 
thin bulk samples and glassy powders has been studied. 
Optical transmissivity was measured and its dependence on 
intensity, wavelength, temperature and previous thermal 
history was found. A structural investigation was also 
made using Raman spectroscopy. A feature at 231 cm in 
the Raman spectra, Which is associated with hompolar 
As-As bonds, is enhanced after photodarkening. A model 
based on the redistribution of chemical bonds under 
illumination is used to explain the results. 
The photodissolution of Ag into As-S films has also 
been studied. Raman spectroscopy has been used to study 
the structural changes occurring in films of As-S glasses 
of compositions A5 41 S 59 , As 33 S 62 , As 30 S 70 and As20 S 30 , 
after photodoping with Ag. Only the photodoped film of 
composition As 30 S 70 produced a single phase homogeneous 
material which was structurally the same as a bulk glass 
of similar composition. In the other compositions there 
is evidence of phase separation. Kinetic experiments 
indicate that Ag ions are mobile during 
photodissolution, and that the actinic light which causes 
photodissolution is absorbed in the photodoped layer, 
close to the interface between the doped and undoped 
regions. A proposed mechanism involving a tarnishing type 
process is used to explain the results. 
 -ix. 	- 
CHAPTER 1 
INTRODUCTION 
A fundamental property of an amorphous semiconductor 
is that the structure and bonding configuration are not 
determined and fixed by thermodynamic equilibrium 
conditions: alterations can be produced, sometimes 
reversibly, by some means which changes the energy of the 
system; It is therefore possible that light-induced 
structural changes will occur in amorphous 
semiconductors. 
Chalcogenide semiconductors are a particular class of 
amorphous semiconductors in which a wide variety of 
light-induced changes have been observed. These range 
from reversible optical changes (i.e. photodarkening and 
photobleaching) caused by small changes in atomic 
rearrangements to more substantial modifications which 
completely change the physical and chemical nature of the 
material (e.g. photopolymerisation, photocrystallisation, 
photodissolution of metals etc.). 
These effects 	are 	of 	interest because of the 
information they provide on defects and meta-stable 
structural properties which are unique to the amorphous 
state. Also, photo-induced effects in chalcogenide 
glasses are of considerable technological importance.They 
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have potential applications in optical-imaging, hologram 
recording, optical mass memories (1, 2, 3, 4), and in 
particular they have potential as sub-micron photo-
resists for the fabrication of integrated circuits (5). 
At least seven distinct photo-induced structural or 
physico-chemical changes have been observed in amorphous 
chalcogenides, when samples in a suitable form are 
exposed to light or other irradiation, vis: 
photocrystallisation; photopolymerisation; photo-
decomposition (in compounds); photo-induced morphological 
changes; photo-vaporisation; photodissolution (of certain 
metals); and light induced changes in local atomic 
configuration. In general these changes are accompanied 
by changes in the optical constants of the material and 
particularly shifts in the absorption edge, i.e. 
photodarkening or photobleaching. These photo-induced 
phenomena may be classified according to whether they are 
primarily structural or physico-chemical in nature and 
whether they are reversible or irreversible, in the sense 
that the system may partly revert to its initial state 
after some annealing treatment at a temperature higher 
than that at which illumination took place, or will 
recover completely on annealing at the glass 
transformation temperature, Tg. 
The reversible effects are generally observed most 
readily in well-annealed vapour-deposited fil!ns, or in 
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melt-quenched glasses, 	which are also comparitively 
well-annealed as a natural consequence of their method of 
preparation. By contrast, those irreversible changes 
which are primarily structural are found mainly in poorly 
-annealed vapour-deposited films, while the irreversible 
physico-chemical phenomena occur whatever the state of 
annealing of the amorphous sample. The inter-relationships 
between the reversible or irreversible, and structural or 
physico-chemical effects are illustrated schematically in 
figure 1.1. 
The present work is concerned with two particular 
photo-induced effects: optical darkening (termed 
"photodarkening't) and the photodissolution of metals into 
chalcogenide glasses (also called "photodoping"). The 
study is concerned exclusively with chalcogenides in the 
As-S system and Ag metal phtotodissolution. This system 
was chosen because amorphous As 2 S 3 is the most widely 
studied of the chalcogenide glasses in which both the 
photodarkening and photodissolution effects occur. 
Despite extensive investigation neither of these effects 
has been fully explained 
The photodarkening effect is best observed in thin 
evaporated As-S films and in annealed films the effect is 
fully reversible. An explanation of photodarkening in 
terms of structural changes has been suggested but as yet 
no structural evidence as to the origin of photodarkening 
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chalcogenide semiconductors. 
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has been obtained. One objective of this study has been 
to 	investigate 	the 	structural 	properties 	of 
photodarkening 	in 	the As-S 	system using Raman 
spectroscopy as the structural probe. 
There is also little information concerning the 
structure of As-S glasses after the photodissolution of 
Ag. Such information is necessary in understanding the 
photodoping phenomena and a Raman study was therefore 
considered important. Kinetic experiments, which 
measured Ag dissolution rates, have also been used in 
this investigation and together with the structural work 
have enabled a mechanism for the photodissolution process 
to be developed. 
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CHAPTER 2 
THE STRUCTURE OF Ag-As-S COMPOUNDS 
2.1 	Introduction 
A knowledge of the structure of Ag-As-S compounds is 
an important prerequisite to understanding their 
properties and the nature of the photo-induced effects 
that occur in them. Hence this chapter presents a review 
of the existing information on the structure of materials 
in the Ag-As-S system. Both crystalline and amorphous 
solids can be formed in this system and it is instructive 
to compare the structural information for both types 
since it is likely that structural units found in the 
crystalline compounds will also exist in the amorphous 
forms of similar composition. 
2.2 Crystalline Ag-As-S compounds 
The principle ternary crystalline compounds that 
form in the Ag-As-S system are proustite (Ag 3A5S 3 ), 
smithite (AgAsS 2 ), a modification of proustite called 
xanthoconite and a modification of smithite called 
trechmanite. Recently another crystalline compound of 
composition A9 7A5S 6 has been reported by Blachnik and 
Wickel (1). 
- 6 - 
2.2.1 	Smithite and trechmanite 
Smithite belongs to the monoclinic class of crystals 
with a space group C2/c (C ). The base-centred unit 
cell, which is shown in figure 2.1(a), covers two layers 
and contains 24 AgAsS 2 formula units. The layers lie in 
the xy plane along the (001 ) direction. The symmetry of 
the layer is described by the space group C 3 . The 
structure is built up of As 3 S 6 units consisting of 3 AsS 3 
pyramids joined as a six membered corrugated ring and 
forming a "chair-like" structure. This is illustrated in 
figure 2.1(b). The "chair-like" units are joined in pairs 
by Ag atoms. 
Trechmanite is 	an 	interesting modification of 
smithite. Instead of the "chair-like" structures found in 
smithite, the As 3 S 5 ring units form a "boat-like" 
structure (figure 2.1(c)). Roland (2) reported that 
AgAsS2 glass crystallised into trechmanite when heated at 
290 °C for 315 hours. At higher temperatures, between 
320°C and 421 °C the glass crystallised into smithite 
after about 24 hours. 
2.2.2 	Proustite 
Proustite belongs to the hexagonal crystal systems 
and has a room temperature space group of C, . Figure 
2.2 shows a view of its structure looking down the 






Figure 	2.1 	The structure of crystalline AgAsS 2 : (a) the 
unit cell of smithite, (b) the "chair-like" 
uint found in smithite and (c) the "boat-like" unit found in 
trechmanite. 
0 A 0 A Os 
Figure 	2.2 	The structure of proustite looking down the 
trigonal axis. 
trigonal axis. The basic building block of the structure 
is again the Ass 3 pyramid but in this case they are more 
isolated than in the smithite structure and are linked 
together via Ag-S spirals (3). Proustite crystals are 
deep red in colour since its absorption edge is near 600 
nm. It is interesting to note that a silvery coating is 
reported (4) to form on the crystal surface when exposed 
to light. 
As regards the electrical properties of the crystal, 
at room temperature high purity synthetic single crystals 
of proustite were found to conduct electricity by motion 
of Ag ions; their transport number was found to be 
1.02t 0.02 (5). 
2.2.3 	Xanthoconjte 
Xanthoconite has the same composition as proustite 
but it crystallises in the monoclinic system as tabular 
crystals with a space group C21c (Ch ) (6). The 
structure is composed of double sheets parallel to the 
(001) direction (=twin plane) consisting of AsS 3 pyramids 
pointing with their As apices outward. One type of Ag 
atom has planar threefold coordi pation, with Ag-S bond 
they 
lengths of 2.45 - 2.6 A, and 1ie  in the plane of the 
sheets. Another type of Ag atom has pyramidal threefold 
coordination, with Ag-S bond lengths of 2.48 - 2.76 A
0
, 
and these Ag atoms hold the sheets together. 
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2.3 	Glass formation in the Ag-As-S system 
2.3.1 	As-S glasses 
The glass forming region in the As-S system extends 
approximately from As 5S95to As 43 S 57 (7, 8). It has been 
shown by several workers, eg. Ewen (9), that the 
short-range order in stoichiometric As 2S3is similar to 
that in the corresponding crystal. This indicates that it 
has a network structure composed of AsS 3 pyramid units 
linked by As 2 Sbridges. Ewen also found homo-polar bonds 
(i.e. As-As and S-S bonds) to be present in As 2 S 3 glass, 
with about 1% of bonds being "like-atom". 
In the S-rich glasses, for compositions with S 
content between 60 and 65 at. % the extra S atoms were 
found to form non-planar As-S-S-As bridges and S8  rings 
were also found in compositions more S-rich than 
As 37 5 63 . The As-As bonds in the As-S network were found 
to rapidly disappear for a S content ) 60 atm. %. 
As-S glasses more As-rich than As 2 S 3 were found to 
consist of a glassy matrix into which crystallites of 
a -As 4 S 4 were embedded. The glassy matrix had the same 
network structure as As 2 S 3 glass, but there were no S-S 
bonds present, only As-As bonds. 
- 11 - 
2.3.2 	Ag-As-S glasses 
A detailed study of the glass-forming region in the 
Ag-As-S system has been made by Kawamoto et al (10). 
Their results are shown in figure 2.3 and show clearly 
that the system contains two areas of glass formation. 
Similar results were obtained by Golovach et al (11). One 
of the areas of glass formation is situated along the 
As-S edge and centred on the composition As 2S3' This area 
is quite small with a maximum Ag content of about 4 at. 
%. The other area of glass formation is an island region 
and extends along the A5 2S 3 -Ag2 5 tie line from about 30 
mole % to 70 mole % Ag 2s. It is suggested (10, 11, 12) 
that the area of glass formation centred on As 2S3is 
based on the AsS 3 pyramidal structural unit and that 
small amounts of Ag (< 4 at. %) can be incorporated into 
the As-S network without significant change in structure. 
This was confirmed by Raman Scattering experiments (12) 
which showed that a Ag-containing glass of composition 
Ag 4As 38 S 55 had a similar structure to an As 2 S 3 glass. It 
is also suggested (10, 11, 12) that the larger island 
region is based on a structural unit found in the crystal 
smithite (AgAsS 2 ). This "chair-like" unit has already 
been described (see figure 2.1). Evidence for this was 
again provided by Raman scattering experiments (12). 
Figure 2.4(a) shows a comparison between the Raman 
spectra of crystalline and amorphous AgA5S 2 and figure 
2.4(b) shows a comparison between the glassy composition 






eoj gloss-forming region 
/ 	




100 	 Li 	 ti 	 'I 
0 20 	40 60 
ot% TI or Ag 
tP 
\a 




Figure 	2.3 	The 	glass-forming region in the Ag-As-S 
system as determined by Kawamoto (9). Glass 
formation in the Ti-As-S system is also shown for comparison. 
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Figure 	2.4 	A comparison 	of the 	Raman spectra 	of 
crystalline and amorphous AgAsS 2 (smithite composition) and 
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Ag30A5 22 S 48 and a crystalline composition A940As 16 S 44 
(which is close to the composition of proustite). These 
two figures show that the glass spectra are approximately 
the envelope of the corresponding crystalline spectra. 
From this it may be deduced that glassy AgAsS 2 is formed 
from structural units found in smithite and that glassy 
Ag30As22 S 48 contains structural units found in proustite. 
Golovach et al (11) explain the region of non-glass 
formation as a manifestation of the immiscibility of the 
two glasses based on the two types of glass formers. 
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CHAPTER 3 
PHOTODARKENING IN CHALCOGENIDE GLASSES 
3.1 	Introduction 
The photo-induced changes 	that occur in As-S 
compounds can be divided into two categories: 
irreversible changes produced in as-deposited evaporated 
thin films, and reversible changes produced in 
well-annealed films or bulk glassy samples. Irreversible 
photo-induced changes are mentioned only briefly here, 
the bulk of this chapter being a review of reversible 
photo-induced changes. 
3.2 	Irreversible photo-induced changes 
When A5 2 S 3 films are formed by thermal evaporation 
they contain the predominant vapour species, which have 
been found to be (1, 2) As 4 S 3 and S 2 . As the film forms 
on a substrate at room temperature it consists of these 
molecular units, mainly bonded together by weak van der 
Waals forces. Illumination (or thermal annealing) of the 
film causes polymerisation and its structure and optical 
properties are irreversibly changed, becoming similar to 
those of well-annealed films or bulk glassy samples. 
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3.3 	Reversible optical changes (photodarkening) 
It has been widely reported (3, 4, 5) that optical 
darkening occurs in films of evaporated As 2 S 3 . The effect 
has been termed "photodarkening" and is found to be fully 
reversible; annealing the samples at Tg ( -443 K) 
completely restores the film to the original state. 
The particular characteristic of photodarkening is a 
nearly parallel shift of the absorption edge. This is 
illustrated in figure 3.1 which shows the change in 
optical absorption observed in evaporated films and bulk 
glasses of A5 2 S 3 . (The bulk samples were thin platelets 
10-20 urn thick). Also shown in the figure is the 
absorption edge of crystalline A5 2 S 3 . No photodarkening 
is observed in crystalline samples and this indicates 
that the effect is unique to the amorphous phase. 
The magnitude of the photodarkening effect depends on 
the temperature of the sample. Figure 3.2 shows the 
optical transmission of an As 2 S 3 film as a function of 
exposure time, t, for four temperatures: the incident 
light intensity and wavelength were kept constant and 
only the temperature at which exposures took place was 
varied. It can be seen that the initial value of 
transmission (at t=0) depends on the temperature, but 
that after a sufficient exposure time the transmission 
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Figure 3.1 	Photodarkening observed both in evaporated and 
melt-quenched As 2 S 3 . The open and solid symbols 
represent the data before and after the exposure to light 
respectively. No change in observed in crystalline As 2 S 3 . 
(Ref. 5). 
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Figure 3.2 	Optical transmission (at 470 nm) as a function of 
illumination 	time 	for 	different illumination 
temperatures. (Ref.7) 
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Figure 3.3 Optical transmission (at 470 rim) before and after 
illumination at different temperatures. (Ref.7) 
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The 	initial 	and 	saturated value of optical 
transmission 	can 	be obtained from figure 3.2 and 
replotted as a function of temperature. The results are 
shown in figure 3.3. The temperature dependence of the 
optical gap Eo, can be represented by the equation 
Eo (T) = Eo (0) -YT 
	
(3.1) 
where Eo(0) is the optical gap at T = 0 K and 7 is a 
constant. 
The transmission values of the photodarkened state 
remain constant with temperature which seems to 
suggest that the optical gap of the photodarkened state 
is independent of temperature. (Similar results have been 
obtained by Lyubin (6) ). 
Tanaka (7) has also measured the absorption edge of 
A5 2 S 3 (figure 3.4) after exposure at two different 
temperatures, the absorption measurements being made at 
290 K. As shown in the figure, the absorption edge is 
shifted to lower photon energies after irradiation at 
77 K (curve c) when compared to the result for the sample 
irradiated at 290 K (curve b). It is also interesting to 
note that the sample photodarkened at 77 K became more 
transparent when exposed to light again at 290 K (curve c 
to curve b). This has been termed photobleaching. 
- 21 - 
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Figure Th.4 	Photodarkening 	(a -+ b or a -+ c) 	and 
photobleaching (c —b). (Ref.7). 
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Figure 	3.5 	Temperature cycling of photodarkening 	and 
photobleaching shown on a Eo - T diagram. 	(Ref.7). 
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The results shown in figures 3.3 and 3.4 have been 
summarized 	by 	Tanaka 	(7) into an Eo-T diagram 
(figure 3.5). 	The 	vertical arrows in the figure, 
represent changes in the optical gap; either 
photodarkening or photobleaching caused by light 
irradiation under isothermal conditions. The important 
feature of the figure is that the optical gap of the 
illuminated state has the same value irrespective of 
previo.us thermal history. The particular value of the 
optical gap obtained from the figure is not a 
characteristic value, but depends on the value of light 
intensity which is used to photodarken the sample. 
Tanaka (9) has measured the absorption edge shift 
(aEo) for different light intensities and found that the 
magnitude of the darkening produced in a sample was not 
linear with exposure time. The edge shift aEo gradually 
gets larger and departs from the linear curve for 
increased exposure time. 
A photo-induced increase in refractive index has also 
been observed (10) in thin films of As 2 S 3 . 
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3.4 	Photo-induced structural changes 
X-ray 	diffraction measurements have shown that 
reversible structural changes occur at the same time as 
photodarkening occurs. Figure 3.6 shows the results of 
these X-ray diffraction measurements: the curves are for 
an annealed film, and for photodarkening occuring at the 
two temperatures 290 K and 77 K, all measurements being 
made at 290 K. (optical measurements were also made at 
the same time and these have already been shown in figure 
3.4). The main feature of figure 3.6 is that 
photodarkening causes a decrease in the first diffraction 
maximum and an increase in the first minimum. This 
indicates that photostructural changes cause an increase 
in the randomness of the atomic configuration. Similar 
results have also been observed by Elliott (11) using 
neutron scattering and EXAFS techniques. Also far-
infra-red absorption (12) and ESR (13) have been used to 
study the reversible structural changes, but again only a 
qualitative indication that structural randomness is 
increased is reported. 
Changes in sample thickness after photodarkening have 
also been reported (5). Figure 3.7 shows the trace of a 
mechanical thickness monitor as it crosses the boundary 
between an unexposed and exposed area. It shows quite 
clearly that film thickness increases after 
photodarkening. 	Tanaka 	(9) 	has 	investigated 	the 
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relationship between the photo-induced thickness change 
and film thickness (d). His results show that fractional 
change Ad has very little dependence on d, indicating 
that it is most likely a volume effect. He also finds 
that bulk and film samples exhibit an effect of similar 
magnitude, and also that exposure at lower temperatures 
produces a larger change in thickness. 
3.5 	Spectral response 
It was previously stated that light with energy 
close to the optical gap causes photodarkening. A more 
detailed study of the spectral response of photodarkening 
has been made by Tanaka (14) and the results are shown in 
figure 3.8. The photo-induced shift in absorption edge 
was measured at different photon energies, the results 
then being normalized to the number of absorbed photons. 
The response curve appears flat for energies > 2.4 eV 
(15) and therefore it appears that photodarkening is 
induced by interband optical absorption. 
3.6 	Mechanisms of photodarkening 
3.6.1 	Double well potential model 
Several authors have proposed this type of model 
(9, 16).Consider figure 3.9 which shows a local bonding 
geometry that might be found in an As 2 5 3 film. Positions 
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Figure 	3.8 	Spectral response of photodarkeriing in As 2 S 3 . The 
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Figure 3.9 	A schematic model of 
bistable 	local 
bonding 	geometries 	and the 
corresponding 	double 	well 
potential. (Ref.9). 
- 27 - 
A and A t 	represent 	a 	local 	bistable 	bonding 
configuration, and can be modelled by a "double well 
potential". The normal annealed condition of the film is 
state A. By irradiating with bandgap light the system 
gains enough energy to "flip" to state A' which is 
considered as the photodarkened state. The important 
feature of this model is that bonds are not broken. 
Instead there would be a change in bond length and also a 
change in bond angle. 
3.6.2 	Bond-breaking models 
The first bond-breaking model was proposed by Keneman 
et al (17) who assumed that after the initial evaporation 
the A5 2 S 3 film consisted mainly of As 2 S 2 , S and As 2 S 3 . 
Annealing at Tg converts the film to homogeneous As 2 S 3 by 
the reaction 
	
As 2 S 2 + 1/2 S 	 -) As2S 3 	 (3.2) 
Once the film is in the annealed state they ascribe the 
reversible photodarkening effect to arsenic clustering 
according to the reaction 
light exposure 
As 2 S 3 	 yAs + A5 2 _ yS 3 	(3.3) 
heat 
Berkes et al (18) have also made similar suggestions. 
n 
Another bond-breaking model is the "self-trapped 
exciton" suggested by Street (19). The exciton is an 
optically excited hole-electron pair with an 
energy, Ex. It is assumed that the energy of a defect 
pair (D t , D) will be much lower than Ex. The exciton is 
therefore unstable and will immediately form a D D 
pair. According to Elliott (11), in As 2 5e 3 this will 
cause an As-Se bond to break and a Se-Se bond to form, 
the result being a pair of metastable defects, Se 3+  and 
As 2 . In terms of bond redistribution, for every As-Se 
bond broken, 2 Se and 1 As bond-angles are lost and 3 Se 
bond angles are created. 
A further model suggested by Elliott (11) is one in 
which two As-Se bonds are broken simultaneously, and one 
As-As and one Se-Se bond are formed instead. This model 
predicts that the constituent atoms remain neutral,but 
that the short range order is partially destroyed. 
3.6.3 	Photo-polymerisation models 
Grigorovici and Vancu (20) have proposed a model 
based on photo-induced polymerisation. For this model to 
be applicable it is necessary that discrete molecular 
units exist, even in well-annealed films. Illumination 
then causes these molecular units to join together in a 
more organized way. There are two main problems with this 
model. First, the annealing of the films, which erases 
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the 	photodarkening, 	would 	be 	connected with 
de-polymerisation but there is no evidence to support 
this. 	Secondly, 	the 	polymerisation model predicts 
densification and consequently a decrease in the 
thickness (volume) of the sample after illumination. This 
is in contradiction to the results already stated for 
As 2 S 3 (5). 
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CHAPTER 4 
THE PHOTODISSOLUTION OF METALS IN CHALCOGENIDE GLASSES 
4.1 	Introduction 
The photodissolution of Ag into As 2 S 3 films was first 
observed by Kostyshin et al (1) in 1966 and since that 
time has been the subject of many investigations. This 
chapter is a review of the results and ideas of those 
investigations. The aim is to present our current 
understanding of the photodissolution process. 
4.2 The optical sensitivity of photodissolution 
The optical sensitivity of the photodissolution 
process can be defined as the rate at which the Ag film 
dissolves into the As-S film. As with all photo-induced 
effects it is important to investigate the intensity and 
wavelength dependence of the process. 
4.2.1 Intensity dependence 
Goldschmidt and Rudman (2) have made quantitative 
measurements on the rate of Ag dissolution using a 
technique which measured the change in resistance of the 
dissolving Ag layer. From a previously determined 
resistance-thickness curve they were then able to 
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determine 	the relationship between the number of 
dissolved Ag atoms and the number of incident photons. 
Their results are shown in figure 4.1. The curve can be 
divided into three distinct stages: Stage 1, a slow but 
increasing variation with exposure; Stage 2, a region of 
linear variation where there is a constant rate of 
dissolution of Ag with exposure; and finally stage 3, 
0 
which begins when -100 A of Ag has dissolved, shows a 
decreasing rate of Ag dissolution with exposure. Similar 
shaped curves have been observed by Buroff and Baera (3), 
who used chemical analysis to find the amount of 
dissolved Ag after periods of exposure, and also by 
Kudoyarova et al (4) using a Ag film labelled with AgilO 
radioactive nuclei. 
The initial part- of the curve, where the reaction is 
slow, has been called the induction period (2). It has 
also been reported that the induction period is inversely 
proportional to the illumination intensity and is 
observed independently of whether the sample is 
illuminated from the Ag or As-S side. It is found that 
if, during stage 2, the light causing the photodoping is 
interrupted for time periods from - 10 ms (2) to 24 
hours (2, 3) then after the interruption, the photodoping 
continues at the previous rate. Stage 2 is thought to be 
due to an interface reaction (2) and stage 3 caused by 
the transport of Ag ions through the reaction products. 
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Figure 	4.1 	The amount of Ag photodissolved into As 2 S 3 as a 
function of exposure time (exposure = intensity x 
time). (Ref.2). 
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4.2.2 	Spectral sensitivity 
Lavine et 	al (5) have measured the wavelength 
dependence of the photodissolution process using an 
optical wedge technique. In this method a rectangular 
area of light is projected onto a sample. The horizontal 
axis of the rectangle is linear in wavelength whereas the 
vertical axis is a function of intensity. After a period 
of exposure a pattern is formed on the surface of the 
sample which represents the spectral sensitivity. Two 
sets of Ag/As 2 S 3 film structures with thicknesses of 200 
nm of Ag on 300 nm of A5 2 S 3 and 5 nm of Ag on 50 nm of 
As 2 S 3 were used in the experiments. 
The sensitivity curves for the thinner sample are 
shown in figure 4.2(a). Curve A is for illumination from 
the As 2 S 3 side of the film and indicates that the 
photodissolution sensitivity is independent of the As 2 S 3 
absorption edge. The sensitivity curve is uniform above 
2.6 eV whereas the absorption coefficient (a) is 
increasing 	steeply. 	Furthermore 	the decrease 	in 
sensitivity below 2.6 eV only falls by an order of 
magnitude compared to more than a 3 orders of magnitude 
decrease in cx over the same energy range. For 
illumination from the Ag side (curve B) the overall shape 
of the curve is the same, but the sensitivity is reduced 
by - 1/2. 
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Figure 	4.2 	Number of photons to generate a negative relief 
image as a function of photon energy for illumination 
from the As 2 S 3 side (curve A) and Ag side (curve B): (a) 5nm Ag 
on SOnm As 2 S 3 , (b) 20nm Ag on 300nm As 2 S 3 . (Ref.5). 
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The sensitivity curves for the thicker structure (200 
nm Ag! 300 nm As 2 S 3 ) are shown in figure 4.2(b). For 
illumination from the As 
2 S 3 side (curve A) the effect of 
optical absorption in the As 
2 S 3 film at energies above 
- 2.6 eV is clearly seen. The As 
2 S 3 film is reducing the 
amount of light reaching the Ag/As 2 s 3 contact area, which 
suggests that the absorption of light within the 
interface region is important for photodissolution to 
occur. Illumination from the Ag side shows a similar 
sensitivity to the thinner sample (curve B, Figure 
4.2(a)) but there is a reduction in sensitivity due to 
the thicker Ag layer. It is clear from figure 4.2(a), 
curve A, that when illumination is from the As 2 S 3 side of 
the film the sensitivity is limited by the absorption 
edge of the chalcogenide. The As 2 S 3 film thickness is 
therefore a useful parameter to vary to determine whether 
the dissolution rate is controlled by light absorbed at 
the Ag-As 2 S 3 interface or by light absorbed in the bulk 
of the As 2 3 3 . 
Goldschmidt and Rudman (2) have stated that if it is 
caused by light absorbed at the interface between Ag and 
A5 2 S 3 then the rate of the initial part of the 
photodissolution could be described by the rate equation 
rate = Ic EXP(-ad) 	 (4.1) 
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where & is the linear absorption coefficient, lo the 
light intensity at the As 
2 S 3 surface and d is the 
thickness of the layer. Their results do in fact show 
the dependence described by equation (4.1) and suggest 
that light absorbed in the vicinity of the Ag-As 2 S 3 
interface causes photodissolution. 
Goldschmidt 	and 	Rudman 	(2) also measured the 
wavelength dependence of the linear part of the 
dissolution rate (see figure 4.1) for two different As 2S3
film thicknesses,-( 110 nm and 282.5 nm) deposited on top 
of a 30 nm thick Ag film. The results are shown in 
figure 4.3 and span the energy range 2.4 eV to 2.7 eV 
with a single measurement made at the He-Ne laser 
wavelength (E=1.96 eV). Illumination was from the A5 2 S 3 
film side and the light intensity was 10 mW/cm 2 . For the 
thinner of the two samples the rate curve shows a steep 
rise from 2.4 eV to 2.7 eV, the value at 2.7 being -6 
times the value at 2.4 eV. For the thicker sample, the 
curve peaks at -2.7 eV, with the maximum value - 1/2 the 
value of the thinner sample at the same value of photon 
energy. The value for the rate of photodissolution at the 
He-Ne laser energy was the same for both samples. 
The authors conclude that the above experiments 
suggest that the photodissolution rate is proportional 
to the light absorbed in the A5 2 S 3 film close to the 
Ag/As 2 S 3 interface. And also that photo-electrons ejected 
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Dependence of 	the 	linear part of the 
photodissolution rate on wavelength. (Ref.2). 
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from the 	Ag 	into 	the 	As2 S 3 	contribute 	to 
photodissolution. Kokado et al (6) have also measured the 
spectral sensitivity of the photodissolution process when 
illumination is from the chalcogenide film side for 
different film thicknesses. Samples were prepared from 
the Ag-As 2 S 6 system and an optical wedge technique 
(described earlier) was used to measure the spectral 
sensitivity. Their results (figure 4.4) show that the 
short wavelength limit of the photodissolution 
sensitivity varied with thickness. To analyse their 
results they used the following expression for the 
interband optical absorption coefficient, Q 
a' = [k(hv-Eg) 2 /hvj 	 (4.2) 
where k is a constant, hv is the photon energy and Eq is 
the band gap of the As 2 S 6 film. They suggest that if the 
photodissolution efficiency is 	independent of 	the 
incident photon energy then the intensity (1mm) 
reaching the Ag-chalcogenide interface which produces the 
minimum detectable photodoping is given by 
Imin = Ioexp([_k(hv*_Eg) 2d/hv*) 	(4.3) 
where lo is the incident light intensity, d is the As 2 S 6 
film 	thickness 	and hv* is 	the short wavelength 
sensitivity limit. If the above suggestion is true then: 
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Figure 	4.4 	Spectral 	photosensitivity 	of 	the Ag-As 2 5 5 
photodoping system, when illuminated through 
As 2 S 6 layers of thickness d. Multiple peaks seen in thick layers 
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Figure 	4.5 '/(hv/d) versus photon energy, at the short-wave 
limit of photosensitivity shown in figure 4.4. (Ref.6). 
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hv*oc(hv*/d)h/2 	 (4.4) 
and this was found to be the case (figure 4.5). Kokado 
also considered the possibility that as photodissolution 
proceeds a photodoped region is formed between the Ag and 
the chalcogenide and furthermore the photodoped region 
has an optical absorption which is shifted towards the 
red. They attempted to determine, using the optical wedge 
method, if absorption of light in the photodoped layer 
contributed to photodissolution. They measured the shift 
in the photosensitivity maximum with exposure (figure 
4.6) and found it moved towards longer wavelengths. They 
suggest from these results that absorption in the Ag 
doped region contributes partly to further photodoping. 
The kinetics of the photodoping process when the 
system Ag-As 2 S 3 is exposed to He-Ne laser light (A = 
632.8 nm) has been measured by Kostyshin and tishenin (7). 
They measured the change in the Ag layer thickness by 
measuring the optical density at 1.6 pm. In this spectral 
region both the A5 2 S 3 and the photodoped region are 
non-absorbing and therefore the optical density is due. 
only to the Ag film and directly correlated with film 
thickness. The Ag layer thickness was 20 nm and the As 2 S 3 
layer was 60 nm thick. Illumination was through the As 2 S 3 
layer. Their results are presented as the thickness of 
the dissolved Ag layer as a function of the square root 
of illumination time. This kinetics curve has two main 
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Figure 4.6 shift of photosensitivity maximum (arrow) in the 
Ag-As 2 5 6 system with expoáure time. The sensitivity 













Figure 	4.7 	Dependence of the initial photo-doping rate on 
the composition of the AS2S x system. The sensors 
were exposed to the mercury-line (366 rim, 1.2mw/cm 2 ). (Ref.8). 
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parts: an induction 	period as before but in this case 
followed by a region where the reaction kinetics are 
parabolic, implying a diffusion-controlled process. 
Similar results were obtained by Inoue et al (8). 
4.2.3 	The pre-history and composition 
of the As - S film 
The majority of photodissolution experiments involve 
As-S films which are in the as-deposited state. However, 
the properties of the As-S films can be changed 
considerably by annealing or by exposure to bandgap light 
(see Chapter 3 - photodarkening). 
Matsuda and Kikuchi (9) have stated that if the As 2S3
film was photodarkened prior to the deposition of the Ag 
film then the rate of dissolution was enhanced. A more 
quantitative investigation has been made by Tamaki and 
Shoichi (10), who compared the dissolution rates when 
As 2 5 3 film were as-evaporated, annealed and pre-exposed. 
The method used to measure the dissolution rates was to 
monitor the resistance change of a thin strip as it was 
photo-dissolved. They found that the largest dissolution 
rate occurred in pre-exposed annealed films and was 
three times higher than the rate for the as-deposited 
film. The value for the annealed film was approximately 
twice the value for the as-deposited film. 
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Lavine et al (5) have also measured the dissolution 
rate of Ag into pre-annealed As 2 S 3 films and found an 
increase of approximately an order of magnitude compared 
to the as-deposited film. 
The composition of the As-S film also affects the 
photodissolution process. Inoue et al (8) have measured 
the dependence of the initial photodissolution rate on 
the composition of AS2Sx system where x=3 to 18. The 
results (figure 4.7) show an increasing rate as x 
increases from 3 to 7. There is then a plateau region 
until x=12 after which the rate falls. The results show 
quite clearly that the initial part of the 
photodissolution process is strongly affected by the 
sulphur content of the As-S film. 
4.2.4 Lateral dissolution on a conducting substrate and 
electric field enhancement 
A series of experiments have been carried out by 
Matsuda and Kikuchi (9) in which they investigated the 
effect on the photodissolution process of a conducting 
substrate. The samples were prepared by first evaporating 
a film of Au on half of the surface of a glass slide. 
Next, a Ag strip was evaporated along the centre line of 
the slide and spanning both the Au and glass areas. 
Finally the whole surface was coated with As 2 S 3 . Their 
results (figure 4.8) show a dramatic lateral spread of 
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Figure 	4.8 	schematic representation 
of the substrate dependence 

















Figure 4.9 schematic representation 
and photograph of electric field 
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the Ag photodoped region when in contact with the 
conducting Au part of the substrate. Results for other 
conducting substrates are also shown in the figure. 
It was also found by Matsuda and Kikuchi that an 
electric field enhanced the photodissolution process. The 
samples studied had the film structure described above 
with Sn02 used as the conducting film; the system is 
illustrated in figure 4.9. It was found that the lateral 
spread of photodissolution was markedly enhanced and that 
the enhancement was at the negative electrode side of the 
Ag strip, consistent with moving Ag ions. Prior 
application of the electric field was also found to 
enhance subsequent photodissolution but the application 
of an electric field after photodissolution had finished 
produced no further effect. 
4.3 Characteristics of Ag photodoped chalcogenides 
4.3.1 	The concentration profile of Ag dissolution 
The concentration of Ag in the photodoped region of 
a chalcogenide is uniform in the direction of movement 
and then falls abruptly after a certain distance. This 
step-like profile of the photodissolution front has been 
observed in Rutherford back-scattering experiments 
(11, 12) and using electron microprobe techniques (8, 9). 
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Another characteristic of the photodoping process is 
that once the Ag layer has dissolved (i.e. no Ag is in 
contact with the As 2 S 3 film) then the photodissolution 
front stops and a sharp step-like boundary remains 
between the photodoped region and the undoped region. 
The maximum amount of Ag that will dissolve into an 
As-S film of a certain thickness depends greatly on the 
composition. This has been determined by Yamaguchi et al 
(13). For films with the formula As 25 the amount of 
photodissolved Ag appears to increase linearly with the 
sulphur content (figure 4.10). There is, however, a 
spread of values for the amount of Ag which dissolves 
into As 2 S 3 (12, 13, 14, 15): these range from 32 
atm.% to 47 	atm.%. 
It should be noted that the values of 32 atm.% Ag 
dissolution are obtained when an As 2 S 3 film is deposited 
on to a thin Ag film, so that the A5 2 S 3 is very much in 
excess and is able to completely dissolve the Ag film. 
The method used to obtain the value of 47.5 atm.% was 
different: in this case the thickness of As 2S 3 was 
constant and there was an excess of Ag in order to find 
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Figure 	4.10 	The maximum amount of silver photdissolved in to 
various chalcogenide films (50 nm thick). 
1, As 2 Se19Te012 	2, As 2S2.63,  As 2 Se 3 : 4, As 2 S29Te01 
5, As 2 S 3 : 6, As 2S67, As 2 Se 4 9Te1 2 : 8,As 2 S 8 : 9 As 2 S 8 Se13 
10, As 2 S96 	11, As 2 S 8Te : 12, As 2 S 12 	13, As 2Se 16 Te 2 	(Ref.13). 
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Figure 	4.11 	Illustration of proposed 
model: (a) photocarrier 
separation, (b) diffusion of silver ions 
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4.3.2 Chemical and structural properties 
A feature of the photodissolution process which makes 
it of practical interest is that the photodoped material 
is insoluble in alkaline solutions whereas initially the 
As-S films are very soluble (14). It is thought that 
structural modifications occur in photodoped material 
which resist alkaline attack. The information about the 
structure of photodoped chalcogenides is, however, 
limited and contradictory. 
Matsuda (9) obtained the x-ray diffraction pattern 
from the surface of an As 
2 S 3 film into which Ag was 
photodissolved. Precise details about experiments are not 
given, but it is known that the As 
2 S 3 film was evaporated 
first at a rate of 83 A/sec. and that onto this was 
evaporated a film of Ag 20-100 mm thick, illumination 
during photodissolution being from the Ag film side. They 
state that the Ag film was etched off and studies of the 
surface made. Their results show faint traces of Ag2 5 and 
As 2 S 2 crystals. 
Contrary to these results the diffraction studies 
reported by de Neufville (16) and Salik (17) find no 
crystallinity in Ag-photodoped As 2 S 3 films. The samples 
investigated by Salik (15) were fabricated by evaporating 
the A5 2 S 3 on top of the Ag and the rate of evaporation 
was 2.5 nm per second. 
- 50 - 
4.3.3 Electrical properties 
After the photodissolution of Ag the electrical 
conductivity of As 2 S 3 films increases by as much as six 
orders of magnitude. The I-V characteristics of Ag 
photodoped A524 S 70 Te 6 films have been measured by Sakuma 
et al (18) using surface type cells. At voltages between 
20 and 100 V the samples 'became unstable and dendritic 
growth of Ag occured: it originated at the negative 
electrode and branched towards the positive electrode. 
4.4 	Models of the photodissolution process 
4.4.1 	The formation of a junction potential at the 
Ag-chalcogenide interface 
It has been proposed by Kokado et al (6) that a 
potential barrier exists at the interface between the Ag 
and the chalcogenide. The potential is assumed to have a 
minimum in the vicinity of the interface (figure 4.11). 
When photons are absorbed by the chalcogenide at the 
interface, photocarriers are generated (holes and 
electrons). They suggest the holes will be captured by Ag 
atoms and the electrons are repelled by the junction 
potential ijito the interior of the chalcogenide to be 
trapped. Assuming that the electron traps are associated 
with loosely bound chalcogen atoms, they speculate that 




and a positive Ag ion is large enough for the Ag ion to 
be pulled into the chalcogenide. As the Ag enters the 
chalcogenide, a layer of a new composition rich in Ag is 
formed. The interface junction will move with the 
photodoped region and gradually form a hetero-junction. 
As photodoping continues, the junction region becomes 
wider and they state that the rate determining step for 
photodoping will be the diffusion of Ag ions through the 
photodoped region. They have derived an equation for the 
rate of growth of the doped region whose depth is x, with 
time t as 
dx/dt = klabs + (k'/x) labs 	 (4.5) 
where Tabs is the number of absorbed photons per unit 
time and k, k' are constants. They state that the first 
term is for a photoenhanced chemical reactivity with a 
short range influence and the second term describes the 
coulomb attraction between photogenerated ions which 
drives the diffusion of Ag. At the beginning of 
photodoping (until a 6 nm thick layer of Ag is dissolved) 
the second term is negligible, but in the later stages 
the first term can be neglected and this gives the 
photodoped depth x a square root dependence on time 
x = (2k'Iabs t) 2 	 (4.6) 
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This was consistent with their own experiments. 
4.4.2 Photodissolution: a tarnishing reaction 
Malinowski and Buroff (19) suggest that photodoping 
is a typical tarnishing reaction and that it is similar 
to the tarnishing of Ag in a S atmosphere. They emphasise 
a particular feature of the Ag tarnishing process, namely 
that Ag and S continue to react despite the formation of 
the intermediate reaction product, Ag 2 S. This is because 
solid Ag 2 S has a large ionic and electronic conductivity. 
The Ag enters the Ag 2 S lattice and dissociates into ions 
and electrons. Both of these charge carriers can move 
through the Ag2 5 layer and thus provide a continuous 
supply of Ag at the S interface. Malinowski and Buroff 
suggest that in the photodoping process illumination 
produces mobile holes, which, they state, is equivalent 
to excess S in the As2 S 3 film, and if the photo-
excitation is close enough to the Ag interface then Ag-S 
bonds are formed. This is, therefore, analogous to the 
tarnishing reaction described above; the illumination 
provides a supply of atoms which initially reacts at the 
Ag interface producing a layer of A9 2 S. However, as 
explained above, the A92  allows the passage of both Ag 
ions and electrons and the Ag film will continue to react 
with the photogenerated holes (excess S atoms) produced 
in the chalcogenide until the Ag film is consumed. 
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In predicting the reaction kinetics of photodissution 
Malinowski and Buroff suggest the following sequence of 
events. In the initial stages of the process the first 
photoexcited holes (excess S atoms) reaching the Ag 
interface are permanently trapped by the formation of 
Ag-S bonds. However, further progress of the reaction is 
quickly blocked by the formation of a space charge due to 
the trapped electrons left behind. The positive charge of 
the holes is transferred to the Ag atoms forming Ag 
ions. These eventually penetrate the space charge forming 
a gradually increasing thickness of Ag2S. The rate of the 
reaction starts to increase. Eventually the conductance 
of the Ag2 s layer would reach a stationary value, but the 
increased thickness means a delay in the transport of Ag. 
Consequently, after a sufficiently long time the 
diffusion rate of Ag through the reaction products 
determines the rate of photodoping. The authors state 
that this type of parabolic law has been observed by 
Inoue et al (8). 
4.4.3 Absorption of Light inside the Ag 
Janai (20) has speculated that photodissolution occurs 
by light absorption in the Ag film. He states that if the 
Photo-excitation takes place entirely within the Ag side 
of the junction, all the experimental observations 
concerning photodoping, can be explained. The fact that 
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photodoping stops once the Ag film is consumed is simply 
because no excitation can take place if there is no Ag 
film. The photodoped region has a phase boundary with 
a step-like profile because it is being pushed from 
behind. Janai states that there is no diffusion process; 
the driving force for photodissolution is in the Ag film. 
These ideas are also supported by Lavine et al (5). 
They have shown that the spectral dependence fits 
qualitatively the internal photo-emission characteristic 
of Ag in contact with As 2S3. From this they suggest the 
following model. 
Incident photons are absorbed in the Ag and generate 
hot electrons. The mean-free-path of the hot electrons is 
of the order of 2-5 nm and therefore photons absorbed 
within the mean-free-path of the surface of the Ag will 
generate a hot electron which can traverse to the As 2 S 3 . 
There are many trapping sites in the As 2 S 3 and the effect 
will be to attract Ag ions into the As 2 S 3 . They suggest 
that the initial transfer of Ag ions will be linear with 
photon flux until a gradient is established to promote 
diffusion. 
These authors state, however, that the model does not 
provide an explanation of the induction period (see 
section 4.2.1 ) nor does it explain why the photodoped 
phase is resistant to alkaline attack. 
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CHAPTER 5 
EXPERIMENTAL METHODS 
5.1 	Sample preparation and analysis 
5.1.1 	Preparation of bulk glasses 
Bulk As-S glasses were •prepared by melting the 
elements arsenic and sulphur (both of SN purity) in a 
1 cm bore quartz tube.The tube typically was filled with 
10 g of material and then evacuated to < 10- 4  torr and 
sealed. The tube was then placed in a furnace fitted with 
a rocking mechanism. Because of the high vapour pressure 
of arsenic and the serious risk of explosion, the tube 
was first heated to 500 °C and held at this temperature 
for about 2 hours to allow an initial reaction between 
the arsenic and sulphur. The furnace temperature was then 
raised to 850 °C and with the furnace rocking at about 12 
oscillations a minute, it was held at this temperature 
for 24 hours. At the end of this time the tube was 
removed from the furnace and allowed to cool in air. 
5.1.2 	Preparation of thin bulk samples by hot pressing 
The technique of hot pressing was used to produce 
samples of As-S glasses which had thicknesses in the 
range 10-50 pm. The method involved heating bulk 
n 
fragments of the As-S glass between two glass slides. The 
heating was carried out on a hot plate that was placed 
inside a glove box, through which there was a flow of dry 
nitrogen. When the As-S glass melted it was spread thinly 
and evenly between the two glass slides by applying a 
weight to the top slide. Usually the glass slides were 
removed to leave thin self-supporting samples. 
5.1.3 	Preparation of thin films by thermal evaporation 
Thin As-S and Ag films of up to 5 pm in thickness 
were prepared by the thermal evaporation of bulk 
material. A schematic diagram of the evaporation 
apparatus is shown in figure 5.1. It was of conventional 
design and consisted essentially of a vacuum chamber and 
a pumping system. The chamber had at its base a 
molybdenum boat which was resistively heated and 
contained the bulk material to be-evaporated. A step-down 
transformer (11 V, 150 A) controlled by a variac was used 
to produce the high currents needed to heat the boat. 
Ag films were easily prepared since the bulk material 
evaporates well under a wide range of conditions. A small 
molybdenum boat (1cm dia.) was used and contained the 
bulk Ag. The boat was heated until the Ag melted and 
then the heating was increased to evaporate off the Ag. 
Evaporation rates, measured with a crystal thickness 
monitor, were kept at 5 nm/sec. It has been reported (1) 















Figure 	5.1 	Schematic diagram of the evaporating system. 
In Me= 
that rates of this order produce films which have a 
structure (for thicknesses > 15 nm) similar to bulk Ag. 
The preparation of thin As-S films was complicated 
due to the fact that it is a two-component system. It is 
reported that low evaporation rates of -5 A
0
/sec. produce 
a film stoichiometry which is close to that of the bulk 
starting material (2) With this in mind the following 
technique for evaporating As-S films with different 
stoichiometries was used. A T-type thermocouple 
(Cu-Cu/Ni) was attached to a 2 cm dia. molybdenum boat. 
The boat was then heated to a temperature which produced 
an evaporation rate of 5 AO /sec. (measured with a crystal 
thickness monitor). The temperature was then kept 
constant 	to produce a constant 	evaporation 	rate. 
Therefore, to produce particular As-S films 
stoichiometrjes the bulk starting material was always 
heated to a particular temperature which was then kept 
constant. This enabled films with reproducible 
stoichiometrjes to be formed, e.g to produce As 40 S 60 
films, bulk As 40 S 60 was heated to 588 K. 
5.1.4 Electron mic 
C 
 robe analysis 
The actual stojchiometrjes of the As-S films and bulk 
evaporation material, used in this work, were found using 
the technique of electron-beam microprobe analysis (3). 
The analysis was performed by Mr R Hill of the Geology 
- 61 - 
Dept. Edinburgh University using a purpose built machine. 
Two requirements need to be satisfied when preparing 
samples for the analysis. Firstly, the surface of the 
sample needs to be optically flat and secondly the 
samples must be a minimum of 5 urn thick, the penetration 
depth of the electron beam. Bulk samples were prepared by 
sealing with araldite a fragment of the material into a 3 
rnrn dia. brass tube. After the araldite had set the end of 
the tube was polished until the surface of the sample was 
optically flat. Film samples were prepared by evaporating 
the material onto glass slides coated with a layer of Al. 	5 
The Al layer was needed to test that the As-S layer was 
of sufficent thickness ( > 5 um). The analyser could be 
set to detect Al so that if the As-S film were too thin 
the electron beam would penetrate through to the Al 
beneath and a reading would be registered. The results of 
the analysis are shown in table 5.1. 
5.1.5 	Film thickness measurements 
5.1.5.1 	Quartz crystal oscillators 
A film 	thickness 	monitor, based on a quartz 
oscillator, was used to make measurements during the 
evaporation of films and enabled films of a desired 
thickness to be easily fabricated. The quartz crystals 
used in the monitor were AT cut and were operated at 
series mode resonance. The crystals were thin discs, 14 
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Source material Film composition 
±0.5 at. 	% 
As 40S60 As41 S59 
As 37S63 As38S62 
As28 	
671 .4 As30S70 
As 25S75 As30570 
As 15 S 85 As 20 5 80 
Table 	5.1 	As-S film compositions analysed 
by electron probe microanalysis 
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mm in diameter, with thin film Au electrodes on each 
face. When installed in the vacuum chamber a mask was 
used so that the evaporated material only fell on a 8 trim 
diameter region at the centre of one crystal face. The 
back electrode was only 6 mm in diameter and therefore 
the evaporated material completely covered the 
oscillating part of the crystal. As a film of a given 
material is deposited on the crystal the resonant 
frequency changes to a lower value. It will change from 
its initial value, Fq, to a new value, Fc, for a given 
film thickness, Lf. An equation which relates the film 
thickness (in cms) to the frequency change is:- 
Lf=(1/CPf)(F/FqFc) 	 (5.1) 
where Pf is the film density (in g/cm 3 ) and F=Fq-Fc. C is 
a constant which has a theorectical value of 2.26x1Q 6 ccT 7 +1i 
but was found experimentally to be 2. 21 x 1 0 61A(see section 
5.1.5.3). Lu and Lewis (4) show that for Ag films the 
equation is valid for frequency shifts of more than 10% 
of Fq. No experimental verification was available for 
As-S films, but mechanical stylus measurements (section 
5.1.5.3) showed that the constant C in equation (5.1) was 
similar to that obtained for Ag. Equation (5.1) was 
therefore used to determine the thickness of deposited 
As-s films. 
The crystals used had a fundamental resonance 
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frequency of 6 MHz. They were obtained from Megatech Ltd 
and had the electrode geometry shown in figure 5.2(a). TA 
small holder was made which exposed the circular 
deposition area (figure 5.2(b)) and also made electriàal 
contact to the front and back faces of the crystal. A 
novel feature of the apparatus was that the oscillator 
circuit (figure 5.3) was placed inside the vacuum chamber 
very close to the crystal. This ensured that the crystal 
oscillator continued to function for large frequency 
shifts. normally, the crystal is connected to the 
outside of the vacuum chamber via a co-axial lead. &: 
parasitic capacitance problems cause the oscillator to 
fail to oscillate for frequency shifts of < 1% of Fq. The 
oscillator was protected inside the vacuum chamber by 
resin encapsulation. The oscillator output was fed to a 
frequency counter which displayed the frequency as a 7 
digit number, thus giving 1Hz accuracy. 
A computer program was written, based on equation 
(5.1) to determine the correspondence between frequency 
and thickness. For a particular start frequency (usually 
6 MHz) the end frequency was calculated for a particular 
film density and required film thickness. The program was 
written in BASIC and is given in Appendix I. 
















Figure 	5.2 	The quartz-crystal thickness monitor: 
quartz-crystal electrode geometry, 






ICla - LS7404 
pin 14 
DV 	pin  
output pin 6 
Figure 	5.3 	Circuit diagram of crystal oscillator. 
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5.1.5.2 	Optical monitoring 
A schematic diagram of the optical monitoring system 
is shown in figure 5.4. The beam from a He-Ne laser 
passed through an optical window situated in the base of 
the vacuum chamber. It was then reflected from the 
surface of a glass slide, which was the substrate for the 
film, onto a Si photo-diode placed at the base of the 
chamber. When a high reflectivity Ag film is deposited on 
the glass slide the reflectivity curve goes from a low to 
a high value very quickly and saturates for film 
thicknesses ) 50 nm. As-S films, however, are high 
refractive index dielectrics and therefore the 
reflectivity of highly monochromatic laser light (X=632.8 
nm) will go through alternating maxima and minima, 
producing a sinusoidal variation as a function of film 
thickness. In the present case these variations were 
monitored on a chart recorder and were then used to 
obtain the film thickness or refractive index. The film 
thickness, d, is given by the equation; 
d=(PA )/(2n) 	 (5.2) 
where A is the He-Ne laser wave length (632.8 nm), n is 
the refractive index and P is the order no. of the 









Figure 	5.4 	Schematic diagram of optical monitoring system. 
5.1.5.3 	Mechanical stylus 
A mechanical stylus instrument (Taylor Hobson Talysurf 
4) was used to measure the thickness of deposited films 
and was useful as a calibration check for the quartz 
thickness monitor. The full scale sensitivity on the most 
sensitive measuring range was 500 nm and therefore for 
calibration purposes, As-S and Ag films of 490 nm 
thickness were prepared. 
These films were deposited onto glass slides half of 
which was covered with a mask with a straight edge. This 
produced a well-defined step in the film thickness 
suitable for the mechanical stylus to profile and 
therefore give an accurate measure of the film thickness. 
This enabled the constant C in equation (5.1) to be 
obtained for both As-S and Ag films. 
5.2 	Raman scattering experiments 
5.2.1 	Apparatus 
A schematic diagram of the Raman scattering apparatus 
is shown in figure 5.5. The basic elements of the system 
consisted of a laser, a sample illuminator, a 
spectrometer, a detection system and a control system. A 
brief description of each of these elements now follows. 
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control unit 
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Figure 	5.5 	Schematic diagram of Raman scattering apparatus. 
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Laser 
A Kr-ion laser (Spectra Physics 165) was mainly used 
as the excitation source. Two wavelengths of this laser 
were used, 647.1 nm and 676.4 nm. The beam power 
available at 647.1 nm was in excess of 500 mW (but to 
avoid sample damage 200 mW or less was normally used). 
The power available at 676.4 nm was 50 mW. 
In some photodarkening experiments an Ar-ion laser 
(Spectra Physics 164) was employed. The lasing 
wavelengths at 514.5 nm and 488 nm were used as light at 
these wavelengths induced photostructural changes and 
allowed the recording of a Raman spectrum at the same 
time. 
Sample illuminator 
This consisted of a sample holder and a condensing 
lens to focus the laser light onto the sample. A lens was 
also used to focus the scattered light from the sample 
onto the entrance slits of the spectrometer. In addition 
there was a mechanism for introducing neutral density 
filters into the path of the laser beam before it reached 
the sample. This was particually important when the 
position of the spectrometer coincided with the position 
of the exciting line (laser wavelength). The intensity of 
light produced at the exciting line (due to Rayleigh 
scattering) was about six orders of magnitude greater 
than that of the light produced by Raman scattering. The 
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detection system would be damaged by such an intensity 
and therefore the neutral density filters were needed to 
attenuate the laser beam as the spectrometer was scanned 
across the exciting line. 
Spectrometer 
The spectrometer was a Coderg T800 triple grating 
instrument and allowed Raman bands close to the exciting 
line to be observed. As the transmission of light through 
a grating spectrometer is polarisation dependent a 
polarisation scrambler was placed in front of the 
spectrometers entrance slit to compensate for this. The 
spectrometer was scanned in frequency by a stepper motor 
controlled by a microcomputer. 
The detection system 
The detection system consisted of 	a 	specially 
constructed photomultiplier which produced a current 
pulse each time a photon was detected. The current pulses 
were amplified, shaped, passed through a noise 
discriminator, and then fed into a counting scaler 
which displayed the mumber of counts (photons/sec.) and 
outputted the information digitally to the computer. The 
photomultiplier was contained in a Peltier-cooled housing 
which lowered the temperature to 223 K, thereby reducing 
the dark count (noise pulses) considerably. Typically the 
dark count was 3-4 counts/sec. 
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(e) The control system 
A microcomputer (Hewlett Packard-HP85) was used to 
control the spectrometer and also as a data aquisition 
system. Connected to the microcomputer was a Hewlett 
Packard multiprogrammer 	(model 6942A). This housed 
several 	control cards including a timer-pacer, for 
sending step pulses to the stepping motor system, and a 
counter-totaliser for receiving the photon counts from 
the photomultiplier. The sequence of events in a single 
step-count operation was as follows; The step pulses are 
initiated by the HP85 controller, and the timer-pacer is 
triggered when the step is complete. While the output 
from the timer-pacer is held high, the counter-totaliser 
is enabled and counts photons. The data, from the 
recording of a Raman spectrum, was stored as a file on 
flexible discs but for detailed analysis of the data it 
was transferred to a main frame computer (ICL 2970/80), 
operated by the Edinburgh Regional Computing Centre. 
5.2.2 Experimental methods 
5.2.2.1 	Obtaining a Raman spectrum 
The Raman spectra of thin film and bulk samples were 
obtained mainly by reflecting the laser beam off the 
surface of the sample. In the case of film samples 
deposited onto glass slides, an intermediate metal layer 
(usually aluminium) was deposited between the glass 
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substrate and the film to form a reflecting surface. This 
also ensured a clean baseline for the Raman spectrum 
since metals produce no measurable Raman signal. Surface 
Raman scattering was also used to obtain the Raman 
spectra of bulk samples, in which case the surface of the 
sample had to be optically polished. The scattered light 
from the specimen was focused onto the entrance slit of 
the spectrometer, a process which required careful 
adjustment to produce a good spectra. 
It is usual in Raman spectroscopy to assign the 
exciting line as zero wavenumber (where wavenumber is 
reciprocal wavelength and is given in cm -1 ). All spectra 
were recorded from -10 to 520 cm -1 (the Stokes spectrum) 
and the step size was either 0.5 or 1 cm- 1. The 
reproducibilty of the Raman system was inherently very 
good. Each time a Raman spectrum was recorded the 
spectrometer scanned across the exciting line, thus 
fixing the 0 cm position. Quantitatively, the error in 
the measured frequency was estimated to be -1 cm- 1 
5.2.2.2 	Plasma lines 
In addition to 	coherent 	light at the lasing 
frequency, the laser produces relatively weak incoherent 
light at other frequencies. The incoherent light arises 
from non-lasing transitions within the plasma and gives 
rise to what are called "plasma lines". It was essential 
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to remove the plasma lines from the Raman spectra 
otherwise they could easily be mistaken for genuine Raman 
features. In the present work a prism filter was used to 
purify the beam: this used a combination of prisms to 
separate out by refraction most of the non-lasing light 
and then mask this component. In very weak Raman 
spectra, however, plasma lines might appear. In this 
situation the spectrum must be compared with the 
positions of known plasma lines for the laser used. 
5.2.2.3 Data handling 
All data handling and graph plotting were performed 
on the Edinburgh-multi-access-system (EMAS) which is a 
facility provided by the Edinburgh regional computing 
centre. A comprehensive library of programs was available 
which made data analysis a straightforward procedure. 
The basic operations that could be carried out are as 
follows; 
Removal of noise spikes. 
Smoothing of data. 
Normalisation of spectra. 
Peak finding. 
Multiple graphing. 
Addition and division of spectra 
After processing, spectra were 	plotted using a 
Tektronix plotter (4662) connected to the EMAS system 
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5.3 Optical transmissivity measurements 
Optical transmissivity measurements were made using a 
Varian DM5 80 uv-visible spectrophotometer which had a 
wavelength range of 190-900 nm. This was a dual beam 
instrument and therefore measurement was simply a matter 
of putting the film to be measured in to the sample 
compartment of the instrument. A reference substrate 
could also be placed in the reference chamber of the 
instrument if necessary. The results were obtained as 
transmissivity versus wavelength. 
5.4 Photodarkening experiments 
5.4.1 Photodarkening by Ar-ion laser 
A schematic diagram 
experiments is shown 
Ar-ion laser set at the 
control the exposure of 
connected to a photomu 
chart recorder was used  
of the apparatus used in these 
in figure 5.6. It consisted of an 
wavelength 514.5 nm, a shutter to 
the sample and a Si photodiode 
ter monitored the light signal. A 
to record the data. 
Two types of experiment were performed. In the first 
type an As-S film was placed in the path of the laser 
beam, the shutter was opened and the decrease in 
transmissivity was monitored .as the sample photodarkened. 
The shutter was then closed and re-opened periodically to 
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Ar-ion laser 
chart recorder 
Figure 	5.6 	Diagram of photodarkening experiments using an 
Ar-ion laser. 
ste 
see, for example, how permanent the light-induced changes 
were. In the second type, a sample was again placed in 
the path of the laser beam but in this case the 
photodarkening was allowed to saturate. A constant 
transmission reading was then obtained on the chart 
recorder. The effect on the transmission value of 
increasing and decreasing the laser power was then 
investigated. 
5.4.2 Temperature dependence of optical trañsmissivity 
A schematic diagram of the experimental set up used 
to measure the temperature dependence of optical 
transmissivity is shown in figure 5.7. It consisted of a 
Varian single beam spectrophotometer and a cryostat. The 
cryostat fitted into the sample compartment of the 
spectrophotometer and had optical windows to enable light 
to pass through the cryostat and the film sample that it 
contained. Measurements were made as follows; firstly the 
transmissivity value, without the sample in place, was 
adjusted to giVe a full scale reading on the chart 
recorder. The sample was )j1 installed in the cryostat, 
the wavelength 	 set to a particular value, and 
the transmissivityJ)cY 	measured as a function of 
temperature. The temperature range covered was 130 to 
443 1< and the wavelength positions at which measurements 
were made were 500, 510, 520 and 530 nm. 




Figure 	5.7 	Apparatus used to measure the temperature 
dependence of photodarkening. 
5.5 Photodissolution experiments 
5.5.1 	Intensity dependence measurements 
A schematic diagram of the apparatus 	used to 
determine the dependence of the photodissolution rate on 
incident light intensity is shown in figure 5.8. It 
consisted of a dye laser (tuned to 571.5 nm) with a beam 
diameter broadened, by a lens, to 1 cm. The output power 
of the laser could be varied between 0 and 50 mW and it 
was used to photodope a Ag film 80 nm thick in to an 
As 30S70film 260 nm thick. To measure the dissolution 
rate of the Ag film a second light source with a 
wavelength of 710 nm and a beam diameter of 2 mm was 
used. This source had a very low intensity and since the 
As-S film was transparent to 710 nm light, it was 
suitable for measuring the change in transmissivity of 
the Ag film as photodissolution proceeded. There was a 
point in the transmissivity-time curve (measured on a 
chart recorder) at which the rate of dissolution was a 
maximum. This always corresponded to the same thickness 
of Ag left on the slide and was used as a way of fixing 
the end point of the experiment. To make determination of 
the end point easier, especially at low power levels, the 
transmissivity signal was differentiated and would 
therefore go through a maximum at the end point. 
glass slide 
Ag layer (80 nm) 














Figure 	5.8 	Apparatus used to measure 	the intensity 
dependence of the photodissolution process. 
n 
5.5.2 Electric field measurements 
The dissolution process and its dependence on 
electric fields could be monitored using a resistance 
measurement technique. For these experiments thin film 
samples were fabricated, with the geometry shown in 
figure 5.9(a). The first layer of the structure consisted 
of Ag strips 2 mm wide and 70 nm thick. On top of this 
was deposited an As-S film, 250 nm thick, which was 
narrower than the slide to allow electrical contact to be 
made to each end of the Ag strips. The top layer of the 
structure was a thin transparent film of Au. This was 
narrower than the As-S layer to prevent shorting of the 
Ag strips. The cross-section through the sample under 
illumination is shown in figure 5.9(b). The resistance of 
the Ag strips was measured by an AC method. A 1 volt 
sinusoidal signal (500 Hz) was applied as shown in 
figure 5.9(a). The resistance of the Ag strip was about 
SQ and therefore a 1 MI) resistor was used to limit the 
current passing through the Ag strip to 1 pA. This was 
necessary to prevent heating effects. The voltage across 
the sample was proportional to its resistance and was 
was measured by a lockin amplifier previously calibrated 
with a standard resistance. The sample was placed under a 
microscope through which a light source was focused and 
the centre part of the Ag strip was illuminated (see 
figure 5.9(a)). As photodissolution occurred the Ag strip 


















Sample geometry for electric field measurements: 
(a) plan view, (b) cross-sectional view. 
dissolution to be monitored. A DC potential could also be 
applied between the top Au layer and the bottom Ag strip 
so that the effect of making the Au layer positive or 
negative with respect to the Ag strip could be observed. 
5.5.3 Transverse photodissolution experiments 
Samples used to study transverse photodissolution 
consisted of a Ag/As 2 5 5 combination deposited on to a 
microscope slide (75 mm X 25 mm). The first layer was a 
Ag film, 300 nm thick, and the upper layer an As 2 S 5 film 
700 nm thick. The samples were kept in complete darkness 
until they were used. 
The experimental arrangement is shown in figure 5.10. 
The sample was illuminated with an Ar-ion laser 
X =488 nm, E=2.541 eV) from the As 2 S 5 side of the film. 
The laser beam was expanded using a spatial filter 
(a X20 objective and a 12.5 pm pin hole) and then 
collimated with an appropriate lens to produce a 1 cm  
diameter light beam. The power reaching the sample was 
measured using a thermopile (Laser instruments model 
173), and was typically between 10 and 50 mW/cm 2 . 
To monitor the photodoping rate a low powered He-Ne 
laser was used (Spectra Physics model 167). The He-Ne 
laser was reflected off the surface of the sample at the 
centre of the 1 cm  irradiated area. The angle of 
glass slide Pc—Kin 1 neon 
chart recorder 
electrometer 
Figure 	5.10 	Apparatus used for transverse photodissolution 
experiments. 
incidence was 100  and the laser ( X =632.8 nm) had its 
power further reduced from 0.85 mW to 10 1pW by a. neutral 	7 
density filter. The signal from the He-Ne laser was 
detected by a Si photodiode connected to a Keithly 602 
electrometer operating as a current-to-voltage converter. 
A chart recorder was connected to the electrometer and 
the 	reflectance changes that occurred during the 
photodoping was recorded. 
After positioning the He-Ne probe beam in the correct 
place on the surface of the sample the photodoping by the 
Ar-ion laser was initiated using an electromechanical 
shutter. 
5.5.4 Lateral photodissolution experiments 
Samples for the lateral photodissolution .experiments 
were fabricated with the geometry shown in figure 
5.11(a). Microscope slides (25 mm X 75 mm) were used as 
substrates. The first stage in fabrication was to coat 
half the area of the slide with a Au film. This film was 
sufficiently thick (100 nm) to be homogeneous and a good 
electrical conductor. Next a Ag film was deposited as a 
strip 5 mm wide and 600 nm thick. The jip was parallel 
to the longest side and ran down the centre of the slide. 
Finally a film of As-S (30 nm thick) was evaporated to 
cover the whole of the slide. 
(a) 	 2nd layer -600nm Ag 
glass 
slide 
1st layer -50nm Au 
top layer -3Onm As 2 S5 
(b) 
(I) section along 
a - a' 
(ii) section along 
b-b' 
Au layer 	- 
Figure 	5.11 
	
The sample geometry used in the lateral 
photodissolution experiments: (a) plan view, 
(b) cross-sections at indicated regions. 
on OW 
Figure 5.11(b) shows a cross-section through the 
structure and illustrates the large difference in 
dimensions between the thickness of the Ag strip and the 
As-S film. The structure was fabricated in this way so 
that the quantity of Ag available to photodope the 
surrounding As-S film was very much in excess and 
therefore providing a reservoir of Ag for lateral 
photodoping along the surface of the slide. 
The reason for coating half the slide with a Au film 
was to investigate the effect on the lateral 
photodissolution of an electrically conducting substrate. 
Sample illumination and measurement were carried out 
using a standard microscope fitted with incident 
illumination. The light source was a 50 W quartz-halogen 
lamp operated from a 12 V DC power supply. The infra-red 
part of the spectrum (>1 Fm)  was removed with a distilled 
water filter (5). The intensity of the light projected 
through the microscope on to the sample was controlled by 
an iris but also depended on the magnification of the 
objective used. The microscope was always focused on to 
the surface of the sample and therefore the disc of light 
projected on to the sample was sharp and always the same 
size for a given objective. A X40 objective was normally 
used. The microscope was fitted with a vernier eyepiece 
which had been calibrated against a graitical and this 
enabled lateral dissolution distances to be measured. 
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CHAPTER 6 
IN THE As-S SYSTEM 
RESULTS AND DISCUSSION 
6.1 	Introduction 
This chapter is concerned with the investigation of 
the optical and structural properties of the 
photodarkening effect. As-S samples in the form of thin 
films, thin bulk glasses and glassy powders were used. 
6.2 Thin As-S films 
6.2.1 	Results 
6.2.1.1 	Stoichiometrjc films 
The optical transmissivity of thin films of As 2 S 3 was 
influenced by the intensity and wavelength of 
illumination, the ambient temperature and the thermal 
history of the film. Typical results are shown in figs. 
6.1 to 6.4. Curve (i) in fig. 6.1 (a) shows the 
transmissivity as a function of wavelength for an 
as-deposited, vacuum-evaporated thin film of As 2 5 3 ; curve 
is for an annealed film (473 K, 1 hour) and curve 
is for a film after illumination (tungsten lamp, 
1 hour); all curves were measured at room temperature. 
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Figure 	6.1 	The spectral dependence of transmissivity of 
As 2 S 3 films: (a) curve (1) as-evaporated film, 
curve (ii) annealed film, curve (iii) annealed film exposed to 
tungsten lamp for 1 hour. (b) annealed film measured at (i) 300 
K, (ii) 405 K, (iii) 501 K. 
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The sequence 	of measurements could be (i) -> () -) 
(iii) -> (ii) -> (iii) and so op, or (i) -> (iii) -> (ii) 
-> (iii) and so on. In fig.1 (b) the curves (iv), (v) and 
(vi) are for an annealed film measured at 300, 405, and 
501 K, respectively; these results simply correspond, of 
course, to the decrease in optical energy gap with 
increasing temperature and illumination. 
Figure 6.2 illustrates in more detail the effect of 
temperature (and heat treatment) on transmissivity at 
four different wavelengths. Again, these results could be 
obtained in a variety of ways. For example, curve (c) 
(A = 510 mu) could be traced out by starting at point 1 
corresponding to an annealed film at about room 
temperature. Illumination would cause the transmissivity 
to decrease down a vertical line to point (2). On raising 
the temperature the transmissivity decreases still 
further (as in fig. 6.1 (b)), and at a high temperature 
(in this case about 433 K) the sample is at least 
partially "annealed". In the particular experiment 
illustrated the temperature was then decreased 
continuously to about 103 K the film was illuminated and 
the transmissivity decreased down the vertical line. On 
reheating the transmissivity decreased further, along the 
lower line, and the loop could be retraced. It would also 
be possible, of course, to stop at any intermediate 
temperature to carry out the photodarkening process, for 
example, as indicated by the dashed vertical line at 
- 93 - 
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Figure 	6.2 	The 	temperature 	dependence 	of 	the 
transmissivity of As 2 S 3 thin films measured at 
the following wavelengths: (a) 530 nm, (b) 520 nm, (c) 510 nm and 
(d) 500 nm. The vertical lines correspond to the change in 
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about 173 K. Note, however, that the temperature cycling 
of the upper part of the loop could be followed in either 
direction, but the vertical transitions (photodarkening) 
can occur only in the downward direction. 
Figure 6.3 illustrates 	the 	development of the 
photodarkening effect at room temperature as a function 
of time, but with the illumination turned off and on at 
arbitrary intervals; during the on-periods the intensity 
of illumination remained constant. A similar experiment 
is recorded in fig. 6.4, but here the illumination was 
subjected to several arbitrary decreases or increases in 
intensity at different times. The following points should 
be noted from figs. 6.3 and 6.4. 
A small annealing effect is observed, even at room 
temperature. 
On illumination there is an initial rapid decrease in 
optical 	transmissivity 	(photodarkening), but on 
interrupting the illumination the transmissivity 
increases (annealing) and then decreases again on further 
illumination. (fig. 6.3). 
On decreasing 	the 	intensity 	of illumination, 
photobleaching is observed (fig. 6.4), whereas on 
increasing the intensity further photodarkening occurs. 
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Figure 	6.3 	The change in transmissivity of annealed As 2 S 3 
thin films during illumination at a constant 
intensity by 514.5 nm laser light. The vertical arrows correspond 
to the closing (fl and opening (f) of a shutter. The measurements 
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Figure 	6.4 	The change in transmissivity of annealed As 2 S 3 
thin films when illuminated by 514.5 nm laser 
light. The vertical arrows correspond to increasing (t ) and 
decreasing ( ) incident laser intensity. The measurements were 
made at room temperature. 
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The rates of photodarkening and bleaching are not the 
same (fig. 6.4). This asymmetry implies that the 
changes in transmissivity cannot be caused by thermal 
effects (that is, by the small changes in sample 
temperature during and after illumination). 
After prolonged exposure at a particular intensity 
the optical transmissivity decreased to a saturation 
value. In the saturated state the photodarkening is 
determined, at a given temperature, by the wavelength 
and intensity of illumination. This implies, that for a 
given intensity, the cycles of changes traced out in 
fig. 6.2 are unique provided the photodarkening (that is, 
the lower part of the cycle) has reached its saturation 
value. 
The total change in transmissivity for the reversible 
part of the photostructural change was greater than 90% 
of its initial value at a wavelength of 514.5 nm. The 
upper level of the intensity of illumination which can be 
applied is limited by irreversible processes which would 
lead to melting and disintegration of the sample. 
The Raman spectra of evaporated A5 2S 3 films are 
shown in figure 6.5. Curve (a) shows the as-deposited 
film. The characteristic sharp features in the 100-250 
cm -1  have been assigned to molecular units such as As 4 S 4 , 
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Figure 	6.5 
	
Raman spectra of (a) an as-evaporated and 
(b) an annealed As 2 S thin film. 
IC 
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was 	obtained. 	The sharp features are considerably 
reduced, but relatively broad features with maxima at 187 
and 231 cm -1 remain. Similar results were observed by 
Nemanich et al. (2) and were taken as evidence that some 
"wrong" bonds of the type As-As and S-S exist even in 
well-annealed As 2 5 3 films. 
Figure 6.6 shows the effect of illumination on the 
Raman spectra of As 2 5 3 films.. It can be seen that the 
bands with maxima at 187 and 231 cm are clearly 
affected by the illumination (curve a to b), The intensity 
of the band at 231 cm- 1  is increased, while the intensity 
of the band at 187 cm is decreased. Similar results 
were obtained by Ewen (1) on bulk As 2 5 3 glasses. Ewen 
observed a general decrease in the intensity of the Raman 
spectrum during illumination, but the relative intensity 
of the band at 231 cm increased. The results are also 
in agreement with those of Bertoluzza et al (4) who found 
that illumination of As 2 5 glasses with x < 3 changed the 
Raman spectra. The Raman band near 231 cm- 1  was enhanced, 
and the intensity of the band at 187 cm reduced. 
Curve (c) in fig. 6.6 was obtained after annealing 
the film a second time. It is clearly similar to curve 
(a), showing that the observed reversible photodarkening 
is connected with reversible changes in structure. Curve 
(d) was obtained after the sample was illuminated again. 
The enhanced 231 cm band and the reduced 187 cm- 1  Raman 
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Figure 	6.6 	The Raman spectra 	of a typical As 2 S 3 film 
illustrating reversible photodarkening: (a) the first annealed 
state, (b) the photodarkened state produced by Ar-ion laser 
illumination, (c) the second annealed state and (d) the second 
photodarkened state produced by Ar-ion laser illumination. All 
spectra were recorded using the 647.1 nm wavelength, and were 
normalized to the height of the 240 cm- 1  Raman band. 
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Figure 	6.7 	Raman spectra of As-0- thin films: (a) an 
annealed film (excitation wavelength, 647.1 
nm), (b), (c), and (ci), the films were photodarkened and excited 
using the wavelengths 568.2, 530.9 and 488.0 nm respectively. 
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band 	are 	again seen. 	The 	cycling between the 
well-annealed and photodarkened state was repeated many 
times with reproducible results. 
Figure 6.7 shows the Raman spectra of As 
2 S 3 films 
which were photodarkened using the exciting wavelength. 
The Raman spectra were recorded after the photodarkening 
had saturated. Curve (b), (c) and (d) were recorded using 
wavelengths of 568.2, 530.9 and 488.0 nm, respectively, 
and they reveal a further enhancement of the 231 cm- 1 
Raman band compared with the photodarkening state shown 
in figure 6.6. Curve (a) shows the Raman spectrum of a 
well-annealed film for comparison (Aexc = 647.1 nm). 
Changes in the Raman spectra (fig.6.7) and transmissivity 
were reversible, and after annealing the original state 
(figure 6.7, curve (a)) was restored. The reversibility 
was demonstrated several times. Since the results are 
similar over a broad range of wavelengths (568.2 - 488 
nm) this indicated that the observed enhancement of the 
231 cm-1 band does not result from a resonance effect. 
The sharp Raman band at 231 cm in the Raman spectra 
of As 2 S glasses has been assigned to the vibrations of 
As-As bonds, as reported by Ewen (1), Nemanich et al. (2) 
and Kosek et al (5). In these papers the increase in the 
intensity of the Raman band at 231 cm -1  was correlated 
with an increase in the As-As bond density. Moreover, the 
Raman spectrum of amorphous arsenic has a broad band 
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-1 between 	170 	and 310 cm , the centre 	being 	at 
approximately 225 cm- 1 (6, 7). Lucovsky and Knights (8) 
studied the infrared absorption spectra of amorphous As 
and found a strong absorption band centred at 230 cm -1 
which they connected with the vibrations of As  pyramids. 
6.2.1.2 Non-stoichiometric films 
The Raman spectra of the As-rich films that were 
studied (of composition As
42.5 s 57 ) are shown in figure 
6.8 The as-evaporated film (curve A) exhibits many sharp 
features which are connected with the molecular structure 
of the film (2, 3). The Raman band with its maximum near 
231 cm-1 F corresponding to As-As vibrations (1, 8), 
was relatively intense compared with the 231 cm band in 
the stoichiometric A5 2 S 3 films, so that the density of 
As-As bonds in as-evaporated films was high. The spectrum 
of the annealed film (curve B) suggests that annealing 
produced polymerisation of the molecular species, as 
indicated by the disappearance of many of the sharp 
features in the Raman spectra. Only the Raman bands at 
187, 222 and 231 cm, which are associated with 
molecular 	features, 	remained after annealing.The 
intensity of the 231 cm band was reduced after 
annealing, which indicates that the As-As bond density 
had decreased. 
Illumination of the As-rich films by an Ar-ion laser 
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Figure 	6.8 	Raman 	spectra 	of 	As-S 	thin 	films 	of 
composition As 425 S475 . Curve A - 
as-evaporated, B - annealed, C - after illumination (Vi lamp, 30 
fins.) and D - further illumination (W lamp, 1 hour). 
L!J 
- 
- 105 - 
iL 
I 




Optical transmissivity of AsS1 	films. 
Curve 1 - x=0.29, as-evaporated, curve 2 
x=0.425, annealed and curve 3 - x=0.425, after illumination (W 
lamp, 1 hour). 
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N = 514.5 nm) changed their transmissivity (figure 6.9). 
Spectra C and D of figure 6.8 show that it also enhanced 
the relative intensity of the 231 cm_ i band, compared 
with that for the annealed state of the film. After 
annealing the original values of the 231 cm' Raman band 
intensity and the optical transmissivity were fully 
restored so that , as with stoichiometric films, the 
photodarkening process was completely reversible and 
cycling between the photodarkened and annealed states 
was carried out many times. 
Sulphur-rich films of composition A5 30 S 70 , were also 
illuminated by intense laser light ( X=514.5 nm and power 
60 mW/cm2 ) for two hours. But no detectable optical 
change in transmissivity was observed (figure 6.9, curve 
1). There was also no observable change in the Raman 
spectra of A5 3Q S 70 films after illumination. 
6.2.2 	Discussion 
From the results it is deduced that the enhanced 231 
cm -1 an in the Raman spectra of As 2 S 3 thin films is 
caused by an increase in the density of As-As bonds in 
photodarkened films. The band is not as broad as the 
band at 231 cm- 1 found in amorphous As (6, 7) which may 
be a result of the more molecular nature and the weaker 
coupling of As-As atoms into the amorphous network in 
photodarkened films. Since it was found that the 
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intensity of the Raman band at 231 cm 
-1  is increased 
with photodarkening and decreased with annealing, this 
suggests that the reversible part of the photodarkening 
effect is associated with a redistribution of chemical 
bonds in As 2 S 3 films which involves an increase in the 
density of As-As bonds under illumination. 
In well-annealed films of As 2S31 the hetero-type 
bonds of As-S are preferred, and the reversible 
structural change connected with photodarkening can be 
described by 
2 (As-S] -) [As-As] + [5-5] 	 (6.1) 
Equation (6.1) shows that the bond statistics of As 2 5 3 
films are shifted by strong illumination from a state 
which is close to the chemical ordered model towards a 
state described by the random network model. The 
randomness of the chemical bond distribution is therefore 
increased. In a chemical approach the photodarkening 
process can be described as a photolytic reaction, 
hv 1 , I 
As 2 3 s 	 As 2 3-x S 	+xS 	(6.2) 
A(T), hv2, 12 
where I. is the incident light intensity 1 1 > '2 	hv 
is the incident light energy (hv 2 > hv 1 ; hv 1 =Eg of the 
glass). A(T) indicates thermal annealing at a temperature 







Figure 	6.10 	A simplified model illustrating the structural 
units in (a) photodarkened and (b) annealed 
As 2 3 S films. The formation of As n clusters n>2 will be a further 
stage in the process. 
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authors, but 	mostly without the support of direct 
evidence. 
The formation of homo-type bonds (As-As and 5-5) from 
hetero-type bonds in As-S layers is possible without 
large structural rearrangement; a proposed mechanism is 
illustrated in figure 6.10. The final products of this 
reaction are probably As (n > 2) clusters. The formation 
of relatively stable homo-type bonds in compound 
chalcogenides (for example, As-As bonds in As 2S3)1 which 
corresponds to a decrease in the formal valence state of 
"metallic" atoms, is possibly the factor which enables 
the formation of two metastable states in these 
compounds. Photo-structural effects have been found in 
chalcogenide systems containing As, Sb and Ge, and each 
of these elements can form lower-valence chalcogenides 
and relatively strong homo-type bonds. 
The chemical reactions described by equations (6.1 
and (6.2) are thermodynamically unfavourable ( zXG is 
positive ). The As-As bonds or As clusters formed by 
photodarkening can be spontaneously "dissolved" and 
converted back to As-S bonds. The rate of this process is 
slower at low temperatures, and only in the vicinity of 
Tg, where the atoms are relatively mobile, can thermal 
bleaching "dissolve" all types of As clusters (n > 2) 
and completely reverse the photodarkening process. At 
lower temperatures, where only partial photobleaching 
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occurs, the smaller As clusters (n=2) represented by 
single As-As bonds can probably be dissolved, and larger 
As clusters - for example, As  pyramids- may be 
relatively stable and form the steady-state part of the 
photodarkening effect. As the formation of As clusters 
involves the absorption of several photons, the density 
of As-As bonds, which are directly related to changes in 
optical density, will be influenced by changing the 
intensity of the incident light or by the temperature of 
the layer (see figures 6.2 - 6.4) 
The photodarkening effect is thus a dynamic process, 
and some photobleaching of films can be observed even at 
room temperature (see figures 6.3 and 6.4). The observed 
intensity of the 231 cm -1 Raman band is lower in samples 
measured several hours after photodarkening (figure 
6.6) than in samples photodarkened to saturation by the 
exciting wavelength used to record the Raman spectra. The 
amorphous state contains many defects of local 
structure,and the energy of individual bonds has no sharp 
value. Thus, as we found, even illumination of As 2 S 3 
films with hv < Eg can produce the photodarkening effect, 
but the change in transmissivity is lower than the change 
produced by bandgap illumimation. This result is also in 
accordance with the data obtained by Tanaka (9). 
In crystalline As 4 S(n=3, 4), and probably in the 
amorphous As-S systems, As-As bonds are longer than As-S 
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bonds (for example, in As4 S4 As-As = 2.59 A, and in As 4 S 3 
00 
As-As=2.45 A and As-S=2.21 A (11). In this model the 
photodarkening is connected with the breaking of some 
As-As bonds. Instead of shorter As-S bonds, longer As-As 
bonds are formed. The reported increase in the thickness 
of As 2 S 3 layers after illumination (11, 12) which was 
confirmed in this work, can be accounted for if it is 
assumed that a small fraction of the As-S bonds 
contribute to the change in thickness. Only changes in 
bond length perpendicular to the substrate plane 
contribute to the thickness change AX; 
X =zb sin V, 	 (6.3) 
where the change in bond length per bond, Ab, is given by 
Ab= 	(bAsAs + bSS)_bAsS 	 (6.4) 
and lk is the angle between a given bond direction and the 
substrate plane. Thus, the mean value of AX is 
AX = ( Ab/)fsind#= 2Ab/ 	 (6.5) 
A similar expression can be obtained for the average 
thickness Xo of the original As-S bonds; 
Xo = 2bAs S/Jr 
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and hence 
X/Xo = sb/bA s S 	 (6.6) 
For the bond lengths quoted above, and with b 55 = 2.2 
these equations give iX/Xo = 0.068. 
According to Hamaka et al. (12), the relative change 
in thickness determined experimentally is 0.004, and 
hence the fraction of As-S bonds involved in the 
photostructural change is 0.004/0.068 = 0.059, 
approximately 6% of the total. 
In S-rich films As atoms are at a greater mean 
distance from each other since they are separated by 
[S - S] n bonds. Consequently the probability that two or 
more As atoms will be in adjacent positions is lower, and 
therefore the photodarkening sensitivity is considerably 
reduced. This is in accordance with the result that 
photodarkening was not observed in films with the 
composition As 29 S 71 . In contrast, As-As bonds are always 
present in As-rich films, even in well-annealed samples 
and the probability that As atoms will be in neighbouring 
positions increases with As content. This can explain the 
increased photodarkening sensitivity of As-rich films. 
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6.3 Bulk As-S samples 
6.3.1 	Results 
6.3.1.1 	Stoichiometric glasses 
The Raman spectra of thin bulk As 
2 S 3 glasses are 
shown in figure 6.11. There were no observable 
differences in the Raman spectrum after illumination at 
room temperature (spectrum a) and also no change in the 
optical transmissivity during Ar-ion laser illumination. 
However, photodarkening was observed at low temperature. 
Curve b is the Raman spectrum obtained at 36 K and shows 
an enhancement of the 231 cm band. The photodarkening 
was produced during the recording of the Raman spectra 
and increasing the incident laser power further enhanced 
the 231 cm band (curve c). 
It was found that when the bulk samples were ground 
to a fine powder the photodarkening effect was 
considerably more pronounced. In fact photodarkening was 
observed at room temperature when the samples were 
powders. Curve d (figure 6.11) shows the Raman spectra of 
a powder in which photodarkening was produced by the 
exciting wavelength ( X=530.9 nm). The enhancement of the 
231 cm- 1 Raman band can be seen to be larger compared 
with the spectra of the thin bulk samples shown in figure 
6.11. 
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Figure 	6.11 	Raman 	spectra 	of bulk As 2S3 
samples. Curves (a), (b) and (c) 
are for thin bulk samples and curves (d) and (e) are for 
powdered samples. Curves (a), (b) and (c) were recorded 
using the exciting wavelength of 568.2 nm, (a) being 
recorded at 300 K, (b) and (c) at 36 K. Spectra (d) and 
(e) were recorded at 300 K using the exciting wavelength 
of 530.9 nm. Incident laser power was 10 mW for all 
spectra except curve (c) which was 50 mW. 
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Figure 	6.12 also illustrates the photodarkening 
produced in glassy powders. Curve a is the spectrum of 
an undarkened sample recorded at room temperature and is 
clearly similar to the spectrum of a thin bulk sample 
(curve a, figure 6.11). Illumination at low temperatures 
produced a large photodarkening effect. This is shown by 
the curves b and c (figure 6.12) where the samples were 
photodarkened by the exciting lines 568.2 and 530.9 nm 
respectively. It is clear from these last two curves that 
both the 231 cm and 490 cm Raman bands are enhanced 
after the samples were photodarkened. 
The diffuse reflectivity spectra were 	also measured 
for 	powdered 	As 2 S 3 samples. The 	results are shown in 
figure 6.13. A shift towards longer wavelengths was found 
(curve a -) curve b) after photodarkening. These results 
are 	similar to the shift in absorption 	edge 	to longer 
wavelengths observed in thin film samples. 
6.3.1.2 	Non-stoichiometric samples 
Arsenic-rich samples 	of 	composition As 42 5 S 575 
exhibited a higher photodarkening sensitivity than the 
stoichiometric composition and both the thin bulk and 
powdered samples could be photodarkened at room 
temperature. The Raman spectra of the As-rich samples are 
shown in figure 6.14. Curve a is the spectrum of an 
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Figure 	6.12 	Raman spectra of glassy As 2 S 3 powders: 
T=300 K, exciting line 568.2 nm. 
T=75 K, exciting line 568.2 nm. 
T=75 K, exciting line 530.9 nm. 





Figure 	6.13 	Diffuse reflectivity of glassy As-S powders: 
Curves (a) and (b) are the unexposed and exposed 
state respectively for As 2 S 3 , and curves (c) and (d) are the 
respective unexposed and exposed state for the composition 
As 42.5 
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Figure 	6.14 	Raman spectra of thin bulk 	As-S 
samples of composition As 42.5 s  57.5* 
All curves are for thin bulk samples except curve (g) 
which is for a powdered sample. Curves (a), (b) and (c) 
were recorded at 300 K, curve (a) being the undarkened 
state (exciting wavelength, 647.1 nm) and curves (b) and 
(c) were recorded using the wavelengths 568.2 and 514.5 
nm repectively. Curves (d), (e), (f) and (g) were 
recorded at 36 K using the exciting wavelength 568.2 nfl, 
and the incident power for the respective curves was 30, 
50, 80, and 10 mW. 
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undarkened bulk sample recorded at room temperature. The 
sharp bands in the spectra are due to As 4 S 4 molecular 
vibrations (2). Curves b and c show the effects of 
illumination at room temperature. A broad band at 231 
cm- 1  is formed whilst the sharp feature at 187 cm is 
depressed. At low temperatures the enhancement of the 231 
cm band is greater and the 187 cm band is further 
depressed (curves d, e, f and g). 
Curves d, e and f are the Raman spectra of thin film 
samples recorded at 36 K and show how the 231 cm band 
is further enhanced by increasing the power of the 
exciting line. Curve g is the Raman spectrum of a 
powdered As-rich sample. It again shows that powdered 
samples are more sensitive to photodarkening than bulk 
samples. It also exhibits an enhancement of the spectral 
region around 490 cm 
The diffuse reflectivity of powdered As-rich samples 
is shown in figure 6.13. The spectral curve shifts to 
longer wavelengths (curve d -> c ) after photodarkening. 
It should be noted that the photodarkening effects 
that were observed in the As-rich thin bulk and powdered 
samples were completely reversible. The original 
undarkened state was obtained by annealing at the glass 
transformation temperature. 
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6.3.2 	Discussion 
The experiments have 	shown that reversible 
photodarkening in thin bulk and powdered As-S glasses is 
comparable to that observed in thin amorphous films. The 
extent of photodarkening increases with the As content of 
the glass and also, for samples of a fixed composition, 
the sensitivity of powdered sample-s is higher. 
At low temperatures the photodarkening in both types 
of samples is more pronounced. Also, as well as the 231 
cm -1 Raman band being enhanced, there is an indication 
that the Raman band at 490 cm 1 , associated with S-S 
bonds, is also enhanced as a result of photodarkening. 
It was proposed in section 6.2.2 that reversible 
photodarkening in thin films can be explained in terms of 
the re-distribution of chemical bonds, and described by 
equation (6.2). These ideas will now be applied to the 
interpretation of photodarkening in bulk glasses. The 
Raman data clearly shows an enhancement of As-As bond 
vibrations in photodarkened samples. However the way in 
which the As-As bonds are incorporated into the amorphous 
network is not clear. It is possible that As 4 S 4 
structural units are formed or alternatively As atoms may 
form As  clusters (n ) 3). The formation of As 4 5 4 units 
seem unlikely since other features in the Raman spectra 
corresponding to As 4 S 4 molecular vibrations are lowered 
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during 	photodarkening. Furthermore, 	As4 S 4 	crystals 
(realger) are unstable when exposed to light and would 
not be a product after intense illumination. 
The formation of As clusters appears to be more 
probable since the band at 231 cm -1 , which is enhanced in 
photodarkened samples, is similar to the Raman band found 
in amorphous As. The Raman band in the photodarkened 
samples is sharper than the band in a-As but this is 
probably because the As-As bonds that form clusters are 
of a molecular nature. The As  clusters are not phase 
separated as we judge from the following points:- 
The Raman bands are sharp. 
The change 	of photpdarkening under different 
illumination 	conditions 	is 	relatively 	fast 	and 
reproducible. 
A mixture of powdered amorphous As (2-5wt.%) and 
a-As 7 S 3 powder is 	a 	brown-yellow colour - whereas 
photodarkned a-As 2 5 3 powder is a deep red. 
The Raman scattering intensity of a-As is low and 
phase-separated As would not cause such a large change in 
the 	231 	cm- 1  band as is found experimentally in 
photodarkened samples. 
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Since As-As bonds are longer than As-S bonds (10) they 
are probably more easily formed near voids or other types 
of defects involving free volume within the amorphous 
network. This could explain the higher photodarkening 
sensitivity of bulk samples of the same composition since 
during the grinding of the powders many defects will be 
formed inside the glassy particles. This would make the 
formation of As-As bonds in thin bulk samples much more 
unlikely since there would be a large internal tension 
opposing the increase in volume which must occur when 
longer As-As bonds are formed. In terms of equation 
(6.2) an increase in pressure shifts the 	equilibrium 
position back towards 	the left hand side and the 
photodarkened centres are immediately redissolved. The 
mechanism just described may be similar to the effect of 
applying external pressure during the photodarkening of 
samples. Kolobov et al (13) found that the compression 
of thin films of As2 5e 3 lowered their 
photodarkening sensitivity. And as As 2 Se 3 is chemically 
and structurally close to As 2 S 3 , a similar effect would 
probably occur in the As-S system. At room temperature 
the rate of thermal annealing is relatively high, and 
since there are small numbers of voids and defects in 
bulk glasses, the photodarkening effect will be 
negligible in bulk samples at room temperature. At low 
temperatures thermal annealing is very much reduced and a 
larger number of stable As  clusters coupled to the 
amorphous network will be formed. This would explain why 
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photodarkening in bulk samples is only observed at low 
temperatures. 
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CHAPTER 7 
PHOTODISSOLUTION - COMPOSITIONAL AND STRUCTURAL ASPECTS 
7.1 	Introduction 
During the photodissolution process an As-S film 
goes from an initial state via a complex reaction 
mechanism to a final photodoped state. The first part of 
this chapter describes a Raman investigation into the 
structure of As-S films before and after the 
photodissolution process. The second part of the chapter 
describes the effects of the photodissolution of Ag on 
the optical properties of As-S films. 
7.2 Structural properties of Ag photodoped As-S 
films - a Raman study 
7.2.1 	Results 
In figure 7.1 , curves A and B are the spectra of As-S 
films of composition As 41 5 59 and As38 S 52 , respectively. 
The sharp features of these spectra are attributed to 
molecular units of As 4 S 4 , and the features at 491 cm to 
the symmetric stretching mode of S-S bonds (1). Spectra C 
and D in figure 7.1 are of the Ag photodoped films 
corresponding again to the original compositions As 41 5 59 
and As 38 S62 respectively (ie. as in curves A and B). 
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Figure 	7.1 	Raman spectra of films of composition As 41 S 59 
(curve A) and As 38 S 62 (curve B). Curves C and D 
are the spectra for Ag photodoped As 41 S 59 and As38 S 52 
respectively. Curve E is the Raman spectrum of amorphous As. 
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These two spectra are similar, each having two broad 
Raman bands in the regions 150-300 cm-1 and 300-400 
cm 1 . Curve E in figure 7.1 is the Raman spectrum of 
amorphous As and this closely matches the band in the 
150-300 cm region in spectra C and D. The other 
band; in the region 300-400 cm- 1  in curves C and D, is 
probably due to amorphous Ag-As-S phases, as it is known 
that bulk glasses in the Ag-As-S system have strong Raman 
bands in this spectral region,(2). 
Curve A in figure 7.2 is the Raman spectrum for a film 
of composition As 30S701 which agrees well with that of a 
bulk glass of the same composition (3). The features in 
the region 425-525 cm -1 are attributed to S in S 8  rings 
and S-S bonds in linear AS_S n _AS linkages. Curve B is the 
Raman spectra of the Ag photodoped material. It has a 
broad spectrum and comparison with the spectrum of a 
bulk glass of composition Ag 30As 22 S 48 , shown in curve C, 
suggests that the photodoped film has the same structure. 
In figure 7.3, curve A is the Raman spectrum of a film of 
composition As 20 S 80 , and again this is very similar to 
the spectrum of a bulk glass of the same composition (3). 
The sharp features are due to the vibrations of distorted 
8 rings. The Raman spectrum of the Ag photodoped film 
(curve B) has a very broad band in the region 100-300 
cm and a relatively sharp feature at 350-400 cm 1 . The 
other spectrum (curve C) was obtained from a film of Ag 2 S 
formed by reacting S vapour with a Ag film which was 
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Figure 	7.2 	Raman spectra of films of composition As 30 S 70 
(curve A). Curve B is the spectrum of Ag 
photodoped As 30 S 70 . Curve C is the spectrum of a bulk Ag-As-S 
glass of composition Ag 30As 22 S 48 . 
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Figure 	7.3 	Raman spectra of films of composition 
As 20 S 80 (curve A). Curve B is the spectrum 
of Ag photodoped As 20 S 80 . Curve C is the spectrum of a A9 2S film 
formed by reacting S vapour with a Ag film. 
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about 0.5 pm thick. A comparison of spectra B and C 
suggests that A9 2S is present in the photodoped As-S 
film, which was originally As 20S80* The band between 
350-400 cm -1 , formed during the course of the 
experiment, probably arises from the formation of a 
Ag-As-S glassy phase. 
7.2.2 	Discussion 
Figure 7.4 illustrates the phase diagram for the 
Ag-As-S system and it shows the principal crystalline 
compounds as well as the glass-forming regions determined 
by Kawamoto et a! (4). Also drawn on the diagram are 
tie-lines joining elemental Ag with four As-S 
compositions studied in this work. (N.B. The composition 
As 41 5 59 is taken to be approximately A5 2 S 3 ). As the 
photodoping proceeds the resulting overall composition 
must move along these tie-lines. Of those four lines, 
only the one joining the Ag with As 30 5 70 intersects the 
central glass-forming region. This is in accord with 
Raman results which show that Ag photodoped As 30 5 70 has a 
structure very similar to that of bulk glass within the 
central region of glass formation and close, in 
composition, to the Ag-As 30 570 tie-line (2) . It is 
possible therefore that in this case the Ag photodoped 
film remains a homogeneous, uniform phase. 
The tie-lines joining Ag with As 41 5 59 (As 2 5 3 ) and 
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Figure 	7.4 	Compositional diagram of the Ag-As-S system 
showing the compositions of the films 
investigated by Raman spectroscopy. Also shown are some of the 
known ternary compounds. 
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As 38 S 62 are 	on 	the 	As-rich side of the central 
glass-forming region but they do not intersect it. The 
Raman results indicate that amorphous As and an Ag-As-S 
phase, corresponding in structure to a composition within 
the glass-forming region, are present in the photodoped 
material. This implies that when the overall photodoped 
composition lies outside the glass-forming region, the 
photodoping also involves a process of phase separation. 
The evidence is that the Ag-As-S component which is 
formed is within the glass-forming region and that excess 
As is precipitated, probably in an amorphous form. 
For the system Ag-As 20 S 80 the tie-line also does not 
intersect the central glass-forming region. In this case, 
the Raman results suggest that initially, Ag 2 S is formed 
(although it is by no means certain that it is 
stoichiometric Ag2 S), and only after prolonged exposure 
is there a further photoinduced effect towards the 
formation of a glassy Ag-As-S phase. 
It is premature to extrapolate the latter observation 
(ie. Ag2 S formation) to the whole system but in general 
the results of this work do suggest that the photodoping 
process is a two-stage solid-state reaction. The initial 
reaction may be between Ag and S in As-S films and it 
should be noted here that even in stoichiometric glassy 
As 2 S 3 , S-S bonds are present (3). It is imagined that 
these homopolar S-S bonds are involved in the initial 
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reaction. The second reaction is between Ag 2 S and the 
remaining As-S matrix. This reaction will proceed only if 
the reaction products are more stable than the reactants. 
It is likely that this will be so if the reaction 
products are within, or close to, the central 
glass-forming region. The structure of Ag-As-S glasses is 
based on AsS 3 pyramids joined by S-As-S linkages (4), 
(2), so that very little structural rearrangement is 
required in the second reaction. 
7.3 The optical properties of As-S films before and 
after the photodissolution of Ag 
7.3.1 	As-S films 
The optical transmissivity curve of a thin As 32 S 68 
film of thickness 712 nm is shown in figure 7.5. It can 
be seen that large interference effects occur in the part 
of the curve where optical absorption is small. As the 
optical absorption increases towards shorter wavelengths 
the transmission curve falls steeply towards zero. 
A method, outlined by Goldschmidt (5), was used to 
obtain the optical absorption coefficient and refractive 
index as a function of wavelength from the transmission 
data. The method involves optically modelling a thin 
absorbing film on a thick transparent substrate. 
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Figure 	7.5 	Transmissivity curve 	of 	a 	film 	of 
composition As 32 S 68 and of thickness 712 nm. 
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The equation for the transmission, T, of light 
through a thin absorbing film on a transparent substrate 
is given by Goldschmidt as; 
T = 	A 	 (7.1) 
(B--C+D) 
where A= (1_RO1)(1_R12)(1_R20)e_ad, E=(1-R12.R20), 
C = 2(RO1.R20)(1_p20)e_ad.CQS(2Kd), and 
D = R01(R12_R20) e _ 2 d 
The parameters are defined as follows. Air is considered 
as medium 0, the film as medium 1 and the glass substrate 
as medium 2. The interfacial reflection coefficients 
between the mediums 0 and 1, I and 2, and between 2 and 0 
are ROl, R12 and R20 respectively. These are found in the 
usual way from the refractive index of the mediums on 
either side of the interface ie. 
ROl = 	(nO - ni) 	 (7.2) 
(nO + ni 
where no is the refractive index of medium 0 and ni is 
the refractive index of medium 1. R12 and R20 are found 
in a similar way. The other parameters used in equation 
(7.1) are the thickness of the film, d, the absorption 
coefficient, a and the wave number, w. The wavenumber 
is related to the wavelength,X and the refractive index, 
n by 
w = 27rn/x 	 (7.3) 
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For equation (7.1) to be valid it has been assumed 
that the extinction coefficient, k (which is related to 
the absorption coefficient a by k =aX/47r) is much less 
than the refractive index of the film, nf (ie. nf >> kf). 
To use equation (7.1) the refractive index of film and 
substrate over the required spectral region is needed. 
The refractive index of the substrate, ns, was found 
by measuring the transmissivity of the glass slide over 
the required spectral region. For a parallel sided glass 
slide the transmission, T, is given by (6) as; 
	
T = 1 -(2r) 	 (7.4) 
(1+r) 
where r is the interfacial reflection and is given by; 
r = (ns-1 ) 	 (7.5) 
(ns+1 
from (7.4) and (7.5) 
ns = (C+1 
(1-C) 
where C=(R) 	 and R=1-T 
(2-B) 
The curve of ns vs. A obtained using this method is shown 
in figure 7.6. 
For the interference effects which are shown in figure 
7.5 the refractive index of the film, nf, satisfies the 
relationship 
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Figure 	7.6 	The dispersion curve of a glass microscope 
slide. Slides of this 	type were used as 
substrates for optical measurements. 
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nf = 	 (7.6) 
when the transmissivity values go through a minimum or 
maximum; P is an integer for maxima and a half-integer 
for minima. At the wavelength of 630 nm the transmission 
was a minimum with a value of 64%. Equation (7.1) was 
then used to find a value of nf which gave a transmission 
value of 64%. The value of d was obtained from equation 
(7.6) which can be rearranged as; 
d = PA /2nf 	where P is a multiple of a 1/2. 
The values which satisfied these conditions were nf = 
2.4337, P = 5.5 and d = 712 nm. With the value of nf at 
630 nM fixed, nf at other turning points was found from 
equation (7.6) with the value of P increasing by a 1/2 
after each turning point. To find the values of nf at 
shorter wavelengths where no interference exists the 
single oscillator dispersion equation was used; 
n= 	+AX 1 	(7.7) 
22 A - Ac 
Values of n were known at the turning points mentioned 
above, and therefore simultaneous equations were formed 
using equation (7.7) and the values of A and Xc obtained. 
The equation for nf can then be expressed as; 
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Figure 	7.7 	Dispersion curve of a film of composition As 32 S 68 . 
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12 
nf = Ii + 4.08X2 	1 (7.8) 
[ 	X2-(238)2 j 
Figure 7.7 shows the dispersion curve for the film 
obtained using equation (7.8) ;the crosses are the values 
of nf obtained from equation (7.6) and it can be seen 
that good agreement is obtained. Having derived the 
dispersion curves for the film and substrate, equation 
(7.1) was then used to find the values of the optical 
absorption coefficient which satisfy the transmission 
values given in Figure 7.5. The results are shown in 
Figure 7.8. The values of the absorption coefficient are 
given in cm 1 and are plotted as a function of photon 
energy. The curve has a similar shape to the curve given 
in the literature for amorphous As 2 5 3 (7), but is 
displaced towards higher photon energy. 
7.3.2 Photodoped Films 
The photodissolution of Ag into As 30 S 70 films causes 
the light yellow colour of the As-S film to change to a 
deep red, which indicates that there is a large change in 
the optical absorption after photodissolution. It was 
found that two types of Ag-photodoped films could be 
formed, depending on the experimental conditions. Figure 
7.9 (a) shows the situation where a thin As-S film was 
deposited on to a glass slide and a thick film of Ag 
evaporated on top of it. The thickness of the Ag was 
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Figure 	7.8 	Optical absorption curve 	for a film of 
composition As 32 S 68 . 
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Figure 	7.9 	Diagram illustrating how photodoped As-S films 
were prepared: (a) excess Ag source, and (b) 
excess As-S source. 
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sufficient 	to 	fully photodope the As-S film when 
illuminated through the substrate. The excess Ag was 
removed with a suitable solvent to leave a photodoped 
film which had an excess of Ag present. 
The other type of photodoped sample is shown in 
Figure 7.9 (b): the Ag film was deposited first followed 
by a thick As-S layer. In this case the As-S was in 
excess and completely dissolved the Ag layer. Excess AS-S 
was removed with a suitable solvent to leave a photodoped 
film obtained from an As-S rich source. The sample 
prepared from the Ag rich source was a deep red colour 
when viewed in white light, whereas the sample prepared 
from the As-S rich source was an orange colour. Figures 
7.10 and 7.11 show the optical transmissivity curves of 
photodoped films for the two types of sample prepared 
with excess As-S and excess Ag present respectively. 
First consider the sample prepared with excess As-S 
present and its 	transmissivity 	curve, figure 7.10. 
Interference effects are clearly seen in the 
transmissivity curve but there is optical absorption, 
even at long wavelengths, and this reduces the maximum 
transmissivity values to less than the bare substrate 
transmissivity. 
Equation (7.1) cannot be used alone to find the film 
refractive index at a specific minimum, as before. In 
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Figure 	7.10 	Transmissivity curve of a Ag photodoped As-S 
film prepared with an excess of As-S (see 
figure 7.9(b)). 
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Figure 	7.11 	Transmissivity curve of a Ag photodoped As-S 
film prepared with an excess of Ag (see figure 
7.9(b)). 
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this case the film thickness was measured separately 
using a mechanical stylus. Equation (7.6) was used and a 
value of P was found which gave a reasonable answer for 
nf. As before the values of nf obtained from the 
interference conditions were well-fitted by the single 
oscillator dispersion equation and the following result 
was obtained; 
+ 	4.84 	 (7.9) = [i 
X2—(308)2 ] 
Equation. (7.9) is plotted in figure 7.12 and together 
with equation (7.1) was then used, as described 
previously, to find the values of the optical absorption 
coefficient which fit the transmissivity data of figure 
7.11. Figure 7.13 (curve A) is the result and shows 
optical absorption plotted as a function of photon 
energy. A similar procedure was followed to obtain the 
absorption curve for the photodoped layer which was 
obtained when the Ag layer was present in excess. The 
curve for this sample is shown in figure 7.13 (curve B). 
It is quite clear from figure 7.12 that the sample 
prepared from an excess Ag layer is much more optically 
dense than that prepared from an excess As-S layer. Both 
samples show considerable tailing of the absorption edge 
which suggests absorption due to inhomogeneities or 
impurities. The tailing starts at 0.6 pm, and if 
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Figure 	7.12 	The dispersion curve of a Ag photodoped AS-S 
film prepared with an excess of Ag present. 
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Figure 	7.13 	 Optical absorption curves of Ag photodoped 
As-S films. Curve A is for a film prepared 
with excess As-S present and curve B with excess Ag present. 
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inhomogeneities are responsible this would be their 
approximate size. As the samples were found to be 
completely homogenous and amorphous, inhomogeneities 
cannot be responsible for the tailing and therefore 
impurity absorption, probably due to Ag atoms (or ions), 
is the likely cause. 
In the preparation of films from an excess Ag layer 
it was always found that the films peeled off the 
substrate when dipped in the Ag etching solution. It was 
found necessary to stop photodoping just prior to the 
last of the As-S film dissappearing. This would give some 
error in the thickness of the film and consequently the 
absorption curve B of figure 7.13 should be moved up to 
higher values. 
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CHAPTER 8 
PHOTODISSOLUTION - STUDIES OF Ag DISSOLUTION RATES 
8.1 	Effect of light intensity 
Using the technique described in section 5.5.1 the 
intensity dependence of the photodissolution rate for 
Ag-As 30 S 70 samples was found. The samples were fabricated 
by first evaporating a Ag film 56 nm thick onto a glass 
slide. An As-S film of composition As 30 5 70 , with a 
thickness of 210 nm, was evaporated onto the Ag. The 
wavelength of the light used was 571.5 nm, with an 
intensity ranging from 4 - 50 mW. 
The results are shown in figure 8.1 and are plotted 
as the logarithm of reciprocal time (which represents 
speed) versus the logarithm of incident light power. By 
analysing the results of chemical kinetics it was 
possible to find the rate of photodissolution and its 
dependence on the concentrations of the reactants. In 
general the rate of a chemical reaction is proportional 
to the ath  power of the concentration of one reactant and 
the bth power of the second, if two reacting species are 
involved, that is: 
a b 
Rate = K CA CB 	 (8.1) 
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Figure 	8.1 	The 	rate of photodissolution of Ag in to 
As 30 S 70 films 	as a function of incident light 
intensity plotted on a log-log scale. 
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where K is a constant, CA  is the concentration of 
reactant A and CB is the concentration of reactant B. The 
overall order of the reaction, n, is simply 
n = a + b 	 (8.2) 
If the rate of the reaction depends only on the 
concentration of reactant A and a = 1 then the reaction 
is first order (i.e. n = 1). To find the order of the 
photodissolution process from figure 8.1 it was assumed 
that the speed of the dissolution process ( v ) depended 
on the concentration of a species, Cs, and could be 
written as 
v = K C sn 	 (8.3) 
where n is the order of the reaction. In logarithmic form 
this becomes, 
log v = log K + n log Cs 	 (8.4) 
and plotting logy versus log Cs would give a graph of 
slope n. It was also assumed that the concentration of 
the reacting species, Cs, depended on the incident light 
power, P : log Cs was taken as being proportional to log 
P. It can be seen from figure 8.1 that the slope of the 
graph, n, is very close to unity and hence indicates a 
first order reaction. Therefore the speed of the 
photodissolution process appears to depend on the 
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concentration of one species, which might possibly be Ag 
atoms (or ions). 
8.2 	Electric field enhancement 
Samples with the configuration shown in section 5.5.2 
were used to investigate the effect of an applied DC 
electric field on the Ag layer dissolution rate. The rate 
of dissolution was measured by monitoring the resistance 
change of a thin Ag strip as proposed by Goldschmidt (1). 
The DC electric field was applied by using a transparent 
top Au electrode. 
The results of these experiments are shown in figure 
8.2 and are plotted in terms of P0/P, where Ro is the 
initial resistanceof the Ag strip and P is the value of 
the resistance measured at a particular time during the 
photodissolution of the Ag strip. In terms of resistivity 
and film thickness Ro/R can be expressed as: 
P0/P = (Poldo).(dIP) 	 (8.5) 
where Po and do are the initial values of resistivity and 
thickness respectively and P and d are values measured 
at a particular time during the photodissolution. For a 
Ag strip thickness > 30 nm p can be considered 
constant but rises very steeply below 20 nm (1). 
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Figure 	8.2 	The resistance change of thin Ag strips during 
their photodissolution in to As-S films. And the effect of an 
external electric field on dissolution times. 
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Measuring Ro/R to determine the rate of the Ag layer 
dissolution is therefore only valid for d > 30 nm. To 
find the values of Ro/R for d < 30 nm the curves of 
figure 8.2 were extrapolated and are shown as dotted 
lines. 
For the situation where no field was applied (curve 
c) the time to completely dissolve the Ag strip was 5.8 
minutes. When a voltage of +5V was applied to the top Au 
electrode the process was slowed down and 7 minutes were 
needed to dissolve the Ag strip. Applying a negative 
voltage of only -100 mV speeded up the dissolution rate 
considerably (curve a) and a dissolution time of 2.7 
minutes was recorded. It was also found that shorting the 
top Au electrode to the bottom Ag layer increased the 
speed of dissolution (curve b). The time to dissolve the 
Ag strip decreased by 7.5% compared with the open circuit 
measurement. 
The results are consistent with the contention that 
ions are mobile in photodoped films and play an 
important role in the photodissolution process.When the 
top Au electrode is positive the field opposes the Ag 
ions and slows down the process whereas a negative 
potential applied to the top Au electrode would attract 
the positive ions and enhance the dissolution. The 
increased dissolution rate when the sample was short 
circuited could be explained if the supply of electrons, 
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which would be kept constant by the short circuit,s 
also important in the process. 
8.3 	Lateral dissolution 
The sample configuration that was used in these 
experiments has been described in section 5.5.4. 
Illumination of the area above the Ag strip caused 
photodissolution and the thin As-S layer on top of the Ag 
was quickly consumed. If the illumination was on the 
part of the sample where no Au film covered the glass 
slide then nothing further happened. However on the part 
of the sample where a Au film was present, the 
illumination caused further photodissolution. The 
dissolution front moved through the As-S layer parallel 
to the substrate and away from the Ag strip. This result 
has already been illustrated (see figure 5.11 ) and it 
should be noted that photodissolution only occurred in 
the illuminated area. 
It was possible to observe the illuminated area 
through the microscope and by adjusting an iris in  front 
of the light source it was easy to pin point paticular 
areas for illumination. It was found that only the 
contact area between the photodoped and undoped As-S film 
need be illuminated to produce photodissolution and by 
moving the illuminated area in a straight line away from 
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the Ag strip a finger-shaped area of photodoped material 
could be produced. This result is shown in figure 8.3. 
Figure 8.3(a) illustrates schematically how the 
illuminated area was moved and how a finger shaped area 
was produced while Figure 8.3 (b) is a photograph, taken 
through the microscope, of what was actually observed. 
The speed at which the tip of the finger,(i.e. the 
dissolution front) moved is shown in figure 8.4 and is 
presented as the dissolution distance versus illumination 
time. It can be seen that a linear plot was obtained 
indicating a constant speed of dissolution. The rate, 
obtained from the slope of the graph, was 1 urn per 
minute. The results of similar experiments to this 
indicated that the photodissolution could be continued 
indefinitely by moving the illuminating area in the way 
described. The process stopped, however, if the source of 
Ag was consumed. The speed of dissolution depended 
little on illumination intensity: above a moderate level 
of illumination a further increase in the intensity had 
no effect. At low illumination levels the 
photodissolution did not stop but it was noticed that 
the layer close to the Au photodoped first so that the 
photodissolution proceeded as a wedge. This is 
illustrated in figure 8.5 and was observed through the 
microscope as a light-red coloured area appearing first 
and gradually changing to a deeper red. The fact that 
illumination of the contact area between photodoped and 
undoped As-S produced further dissolution indicates quite 
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Figure 	8.3 	The movement of a photodoped finger-shaped 
area drawn out in an As-S film above a gold 
layer. (a) schematic representation and (b) the strip 
photographed through a microscope. 
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Figure 	8.4 
	
Distance travelled by the photodissolution 
front (dissolution length) against time. The 
straight line is a linear fit to the data points and has a 
gradient of - 1 urn per minute. 
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clearly that it is light absorbed in this region that 
causes photodissolution. The Ag need not be illuminated 
for pho bodissolution to occur. Also, although the Au film 
plays a role in increasing the speed of dissolution next 
to its surface, photodissolution normal to the film 
(figure 8.5) is not influenced by the Au layer. 
8.4 	Transverse photodissolution 
8.4.1 	Introduction 
Transverse photodissolution refers to the situation 
where an As-S film is deposited onto a Ag film and Ag 
dissolves into the As-S film under illumination. 
Goldschmidt and Rudman (1) have stated that if the 
illumination is with collimated light, then the Ag layer 
dissolves in a planar and uniform way. Also, the Raman 
results, presented in section 7.2, showed that the 
photodoped product was a single phase homogenous material 
for As-S compositions near As 30 S 70 . This suggests that 
during the photodissolution process the As-S layer, the 
photodoped layer and the Ag layer remain as distinct 
homogenous layers. If this hypothesis is correct it would 
be possible to model the photodissolution process using 
the theory of thin film optics. And measuring changes in 
the optical constants of the photodoped film 
might be a useful technique for determining transverse 
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Figure 	8.5 	schematic representation of the movement of 
the photodissolution front on a Au substrate. 
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dissolution rates. 
In the next section the optical characteristics of 
the photodissolution process are modelled and the 
predicted optical reflectivity of the photodoped film is 
found as a function of increasing photodoped thickness. 
The section following the optical model presents 
experimentally determined reflectance curves and in the 
final section the optical model is compared with 
experimental results. 
8.4.2 	Optical model 
Consider a Ag film in contact with an As-S film of 
composition As 30 5 70 . After illumination with a collimated 
light source a cross-section through the layers will be 
similar to that shown in figure 8.6. The system consists 
of three thin layers on a glass slide and as the 
photodissolution process proceeds the thickness of the 
various layers will change. It is assumed that the 
layers remain distinct and homogenous, so that it should 
be possible to model the optical characteristics of the 
system and predict its reflectivity, for a particular 
wavelength, during photodissolution. 
The situation was simplified by considering the Ag 
layer to be very thick compared to the thickness of the 
As-S layer so that the Ag is in excess. This system now 
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A proposed layer structure used in optically 
modelling the photodissolution process. 
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corresponds to a two-layer system of an As-S and a 
photodoped layer on a Ag film substrate. The equations 
needed to predict the reflectivity for this situation 
(shown in figures 8.6) have been given by Heavens (2). 
There are two important aspects to the optical modelling 
procedure: firstly, determining the way in which the 
layers change with time and secondly finding realistic 
optical constants for the individual layers. 
Consider first the problem of modelling the changes 
in layer thickness during photodissolution. If a Ag film 
of thickness dAg dissolves into an As-S film of thickness 
dAs _ s , then a photodoped layer of thickness dpD is 
formed. This is illustrated in figure 8.7 and as shown it 
is assumed that; 
dpD = dAg + dAss 	 (8.6) 
This was in fact confirmed experimentally by traversing 
with a mechanical stylus the boundary between an 
illuminated and non-illuminated area : no difference in 
height between the two areas was observed. It is also 
necessary to know the ratio dAs _S / dAgI which specifies 
what thicknes of As-S dissolves a particular thickness of 
Ag. This was found experimentally, as described below. 
Ten strips of Ag were evaporated onto a glass slide, 
the strips ranging in thickness from 10-100 nm in steps of 
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Figure 	8.7 	A schematic representation of the resulting 
photodoped thickness formed from the initial 
As-S and Ag film thicknesses. 
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10 nm. Half the slide was then flood illuminated for a 
suitable time, after which the thickness of Ag that 
completely dissolved into the As-S film was found. From 
this method the ratio of dAs_S/dAg  was found to be 2± 0.1 
Thus during the photodissolution process, as the As-S 
film thickness changes from dAss  to zero, the thickness 
of the photodoped layer goes from zero to (d A s s ~ 
The problem of finding the optical constants for the 
Ag film, the photodoped film and the As-S film must now 
be considered. Since the optical model was to be tested 
experimentally using the He-Ne laser wavelength 
X = 632.8 nm) the optical constants at this wavelength 
were needed. 
The optical constants of As-S film of composition 
A5 30 S 70 ,at the He-Ne wavelength of 632.8-nm,--have-already 
been given (Section 7.3.1) and are ni = 2.4, ki = 0. 
Similarly the optical constants of the photodoped 
layer, for the situation in which the layer was 
photodoped from a Ag rich source, have been given 
(Section 7.3.2): these are n2 = 2.75 and k2 = 0.025. 
The optical constants of the Ag film were found by 
measuring the reflectivity curve, at the He-Ne wavelength 
during the deposition of As 30 5 70 onto a previously 
evaporated Ag film. The reflectivity curve obtained is 













Pigure 	8.8 	The measured in situ reflectivity (for He-Ne 
laser light) of an As-S film during its 
deposition on to a glass slide coated with a thin film of Ag. 
Position A indicates an As-S film thickness where reflectivity is 
a minimum. 
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shown in figure 8.8. By modelling the reflectivity of a 
single absorbing film or an absorbing substrate the 
optical constants of the substrate can be found in the 
following way. The reflectivity of a single film on an 
absorbing substrate can be calculated using the equations 
given by Heavens (2). Based on these equations a computer 
program was written to calculate the reflectivity as a 
function of film thickness. A listing of the program is 
given in Appendix III. The program requires as input the 
optical constants of both the substrate and the film. The 
film constants are known ( i.e. n = 2.40, k = 0), 
therefore the program was used to find values for the 
optical constants of the substrate that produced a 
reflectivity curve which fitted the experimentally 
determined curve. The values found were n = 0.5 and 
k = 3. The computed curve is shown in figure 8.9. 
A computer program was also written based on the 
equations given by Heavens (2) for two absorbing layers 
on an absorbing substrate. A complete listing of the 
program is given in Appendix III. The computed 
reflectivity (using the thickness relationship, equation 
(8.6),and the optical constants for the layers given 
above) for an As-S film of thickness 700 nm on a Ag 
substrate is shown in figure 8.10. Before further 
comments are made about the computer-generated curves, 
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Figure 	8.9 	The computer generated reflectivity (for He-Ne 
laser light, 632.8 nm) for the build up in thickness of an As-S 
film on a Ag film substrate. The optical constants used in the 
simulation are discussed in the text. 












Photodoped thickness (nm). 
Figure 	8.10 
	
A computer generated reflectivity curve (for 
He-Ne laser light, 632.8 nm) simulating the 
dissolution of Ag in to As-S films. The optical constants used in 
the simulation are discussed in the text. 
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8.4.3 	Results 
Figure 8.11 shows a typical result, and is the 
reflectance curve that was recorded during the 
photodissolution of 297 nm of Ag into 742 nm of 
A5 30 S 70 . As can be seen, symmetrical sinusoidal 
oscillations are observed indicating strong interference 
effects. All samples were fabricated using optical 
thickness monitoring. A typical reflectance curve versus 
thickness has already been given (figure 8.8) for an 
As-S layer deposited onto a Ag film. The evaporation 
process can be stopped at any time to give a maximum or 
minimum in the reflectance value. The initial reflectance 
value measured during the transverse photodissolution 
will be the same as the final value that was measured 
during the optical thickness monitoring, since both 
methods use the same optical arrangement. The reflectance 
curve produced during photodissolution for a sample 
fabricated to give a minimum initial reflectance (i.e. 
deposition stopped at point A in figure 8.8) is shown in 
figure 8.12. Again strong sinusoidal oscillations are 
observed starting from the initial low value. This 
suggests that the disappearing As-S layer is responsible 
for the sinusoidal variations. If true then the peak-peak 
distances represent a constant thickness of As-S. In fact 
a peak-peak, or trough -trough, distance, d is given by 
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Figure 	8.11 	Experimentally measured reflectivity curves 
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Figure 	8.12 	Experimentally measured reflectivity curves 
(for He-Ne laser light) during the 
photodissolution of Ag in to As-S films. The initial As-S film 
thickness was tailored to produce an initial minimum in 
reflectivity (position A, figure 8.8). 
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where 	X= 632.8 nm and n = 2.4. 
d = 132 nm. 
It is therefore possible to obtain the peak positions 
from figure 8.11, assume they represent a constant As-S 
thickness, and thus obtain the rate of disappearance of 
the As-S layer. The results are shown in figure 8.13, and 
are in fact plotted as disappearing As-S thickness versus 
the square root of time. A straight line plot is obtained 
with a slope of 3.4 x 10 6 cm.sec . A t1/2  plot is a 
strong indication that a diffusion process is occurring 
and therefore the motion of the interface between the 
As-S and photodoped layer is probably limited by a 
diffusion process. 
8.4.4 	Comparison of the experimental results with the 
optical model 	- 
Comparing the experimentally obtained curve (figure 
8.11) with the computer curve (figure 8.10) shows that 
the latter exhibits a more complicated interference 
behaviour; the experimental curves show a near sinusoidal 
/ 
variation with thickness. This suggests that the optical 
constants used in the computer model need adjusting. The 
values used for the As-S layer are known quite accurately 
and are unlikely to be at fault. It is more likely to be 
the optical constants of the photodoped layer that need 
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Figure 	8.13 	A plot of the disappearing 	As-S 	film 
thickness (derived from the interference 
effects shown in figure 8.11) as a function of the square root of 
time. The sraight line is a linear fit to the data points. 
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adjusting. It was shown in figure 	7.13 	that the 
absorption edge of the photodoped layer depends strongly 
on how the photodoped layer is formed. When it is formed 
from a Ag-rich source (i.e. when a Ag layer is always in 
contact with the photodoped layers) the optical 
absorption is much stronger. However, to fit the computer 
model to the experimental curves a value of k2 which is 
higher than the value found experimentally is needed. 
Figure 8.14 shows the computed curve generated using the 
same values for the optical constants as before, but with 
k2 changed to 0.7 (a= 1.4x10 5 cm 1 ). It is now in 
agreement with the experimental curve (figure 8.11). 
An explanation is needed as to why the predicted 
value of k2 is much higher than the value found 
experimentally. One reason might be sample preparation, 
for it was always found that when a photodoped layer was 
formed from a Ag-rich source, the etching process to 
remove Ag damaged the sample. To produce complete films 
it was necessary to stop the photodissolution before the 
As-S film was completely saturated with Ag. However, this 
would probably only alter the value by a factor of 2, and 
the actual difference is a factor of 	30. Another reason 
might 	be that a thin Ag layer is formed at the 
As-S/photodoped interface. This would also have the 
effect of increasing the k value. To resolve the 
question, however, a more complex computer program would 
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Figure 	8.14 	A computer generated reflectivity curve (for 
He-Ne laser light, 632.8 nm) simulating the 
dissolution of Ag in to As-S films. The optical constants used in 
the simulation are discussed in the text. 
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CHAPTER 9 
PHOTODISSOLUTION - A POSSIBLE MECHANISM 
9.1 	Summary of experimental results 
After the photodissolution of Ag into an As-S film of 
composition As 30S40a homogenous compound was formed 
with a structure similar to a bulk Ag-As-S glass (section 
7.2). 
The transmissivity results (section 7.3.1) showed 
-that if the As-S film were photodoped when Ag was in 
excess the resulting photodoped film was optically much 
more absorbing than one formed when As-S was in excess. 
An analysis of the intensity dependence of the rate 
of photodissolution (section 8.1) in terms of 
chemical kinetics suggests that the process can be 
considered as a 1st  order chemical reaction. This implies 
that the photodissolution process is dependent on the 
concentration of only one photo-excited species. 
The photodissolution rate was found to be enhanced by 
an external electric field (section 8.2) and the 
direction of the field was consistent with the fact that 
Ag ions form the mobile species that is responding to the 
light. 
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Lateral dissolution experiments (section 8.3) have 
shown that photodissolution occurs when light is 
absorbed at the interface between the photodoped and 
undoped regions. The interface between the Ag and the 
As-S layer need not be excited with light. Also, lateral 
dissolution only occurs on a conducting substrate 
indicating that the supply of electrons is an important 
factor in the photodissolution process. 
From the transverse photodissolution studies (section 
8.4) it was found that the (photodoped / As-S) 
interface moved with a t1/2  relationship, which suggests 
a diffusion limited process. 
9.2 Discussion 
It was clear from the discussion of the Raman results 
in chapter 7 that As 30 5 70 formed an homogeneous 
Ag-As-S compound after the photodissolution of Ag. This 
strongly suggests that the photodissolution process is a 
photochemical reaction in which Ag reacts with the 
As 30 5 70 film to form a glassy Ag-As-S compound as a 
product of the reaction. There is a problem, however, 
with this simple picture in that once the Ag layer has 
reacted with the As-S layer they will at once be 
separated from each other by the product of the reaction, 
so that further reaction will be prevented from taking 
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place. However if the photodissolution process were 
similar to the tarnishing reaction of Ag by 5, forming 
Ag 2 S 1  then the continuing progress of the reaction could 
be explained. The tarnishing reaction between Ag and S is 
illustrated in figure 9.1 and the mechanism has been 
fully explained by Wagner (1). 
The reaction concerns the formation of a compact layer 
of material, Mex, •between the two reacting species 
(figure 9.1). The question arises: does the reaction 
proceed by the migration of X through MeX and react with 
Me at the interface AB, or does Me migrate through MeX 
and react with X at the interface CD. Firstly, since Me 
and X can only migrate in an ionic crystal as ions, 
either process requires the transport of electrons as 
well as ions. Tarnishing will not occur if the reaction 
product MeX has no electronic conductivity. However, the 
interface which the reaction is most likely to occur at 
depends more on the relative mobilities of the cations 
(+ve). - In general cations move more easily than anions 
(see table 2, page 31 ref.1 ) and therefore reaction at 
interface CD is more probable than reaction at AB. 
This 	is 	in fact observed for the system Ag-S 
and was proven in the following way by Wagner (1). Liquid 
S is separated from a cylindrical slab of Ag by two 
slabs of Ag 2S ( a -Ag2 S) as shown in figure 9.2. After 
the reaction had proceeded for one hour at 220 °C, the 
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Figure 	9.1 	The formation of a compact layer of oxide or 
salt, MeX, between two reacting species. 
2A9+  + 2e + S 
	
Liquid 





Figure 	9.2 	The experimental system used by Wagner (1) in 
determining the Ag-S tarnishing mechanism. 
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upper slab (II) had increased in weight but the weight of 
the lower slab (I) was unaltered. Furthermore, the weight 
increase in slab (II) was paralleled by a chemically 
equivalent weight decrease in the Ag slab. This proves 
that Ag diffuses through the sulphide and that the 
Ag2 S-S 
reaction takes place entirely at the 	interface. 
Since a -Ag 2 s is essentially an electronic conductor 
(above 176 0C), electrons pass easily through it and the 
rate determining process is the diffusion of Ag ions. 
The photodissolution process appears to be very 
similar to the tarnishing process. In the case of As 30 5 70 
the structure of the photodoped material was found to be 
similar to that of a bulk Ag-As-S glass (section 7.2) and 
Kawamoto and Nishida (2) have found these glasses to be 
Ag-ion conductors. They also concluded that the 
structural concept of a -Ag 2 5 can be applied to the 
glasses. It was also found in this work (section 8.2) 
that Ag+  ions were mobile and could be influenced by an 
externally applied electric field. 
Although it is confirmed that the photodoped material 
is a Ag-ion conductor, its electronic conductivity is not 
certain and, as explained above, for the tarnishing model 
to be valid electronic conductivity must exist. Koebel et 
al (3) have measured the mixed conductivity (ionic and 
electronic) of A92  at room temperature. Using electrodes 
of aqueous Ag ions to measure the conductivity of the 
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Ag2 S sample, they found purely ionic conduction: there 
was no electronic conduction. However, when one of the 
electrodes was a bulk Ag contact the same ionic 
conductivity was found but a considerable electronic 
conductivity was also observed. It is thought that the 
bulk Ag contact acts as an electronic donor since the 
Ag2 S is in equilibrium with excess Ag. 
Figure 9.3 illustrates the normal photodissolution 
process showing the Ag layer separated from the As-S 
layer by the photodoped material. The resemblance to the 
tarnishing process can be clearly seen and since the Ag 
layer is in contact with the photodoped layer, it can be 
expected, as explained above, that the photodoped layer 
will be a mixed conductor and allow Ag ions and electrons 
to flow in opposite directions. 
In 	the 	tarnishing process described earlier the 
reaction occurs when Ag ions diffuse through the reaction 
products and react with S at the interface CD (figure 
9.1). This is also the case in the photodissolution 
process. The lateral dissolution experiments show that 
photodissolution occurs when light is absorbed at the 
interface CD ( figure 9.3(b) ), which is the interface 
between the photodoped material and the As-S film. From 
the results of the transverse photodissolution 
experiments the interface between the photodoped layer 
and the As-S layer was found to move at a rate governed 
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Figure 	9.3 	Schematic 	illustrations 	comparing the 
tarnishing and photodissolution processes: 




by diffusion of either Ag' ions or electrons through the 
photodoped layer. In the lateral dissolution experiments 
the interface moved at a much faster rate, and this 
process is more likely to be limited by the Ag+ ion 
mobility since there was an effectively infinite supply 
of electrons provided by the Au layer. Therefore, in 
transverse photodissolution, the diffusion limited 
process is probably due to electrons. The concept of 
tarnishing, when applied to the photodissolution process, 
explains how the Ag can be transported as ions through 
the photodoped layer to the As-S interface, where a 
photochemical reaction occurs. It does not explain, 
however, how the illumination, at the interface, causes 
the photodissolution. A possible mechanism for this is 
discussed below. 
The 	optical 	absorption results (section 7.3.2) 
indicated that a photodoped layer which was formed whilst 
in contact with an excess Ag layer was optically more 
absorbing than a layer formed in the case where the Ag 
film was completely consumed by an excess As-S layer. 
Also there was considerable tailing of the absorption 
edge for the more absorbing film. These results can be 
explained if excess Ag is considered to be present in a 
photodoped film, with the excess level being maintained 
by an intimate contact with a Ag layer. Consider again 
figure 9.3(a), which illustrates a stage during the 
photodissolution process. It will be assumed that the 
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photodoped layer has reached the point where it contained 
the maximum excess of Ag. The glass forming region of the 
Ag-As-S system (section 2.3.2) is an island region 
centred around the composition Ag 25As 25 S 50 and therefore 
it might be expected that beyond a certain concentration 
of Ag the photodoped film would become unstable and 
possibly precipitate Ag. Furthermore the instability 
might be enhanced by the action of light for it has been 
reported (4) that bulk glasses of composition A9 45A5 15 S 40 
exhibit an effect termed "Ag photo-deposition" in 
which a silvery deposit (identified as metallic Ag) is 
formed on the surface under illumination. Similar effects 
are reported to occur on the surface of proustite 
(Ag 3AsS 3 ) crystals (5) after strong illumination. 
It is proposed, therefore, that photodissolution 
occurs as a result of the photo-deposition of Ag at 
the interface between the photodoped and undoped regions. 
The production of Ag at the interface will, however, be 
limited by the supply of electrons and can be represented 
by the equation 
Ag + +e 	-> Ag 
In As-S compounds the electronic properties are dominated 
by hole transport. In fact electron transport is not 
observed in transit measurements (6). It seems that free 
electrons are immediately trapped at defects, which in 
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the case of S-rich films are likely to be 3-fold 
co-ordinated S atoms (referred to as C centres). 
Therefore it is also likely that as soon as a +ve Ag ion 
combines with an electron at a C centre to form 
metallic Ag, it will spontaneously react with the S atom 
to form a Ag-S bond. Further reaction would probably then 
take place resulting in the formation of an homogenous 
Ag-As-S compound. 
This mechanism can, in fact, explain the observed 
wavelength dependence of the photodissolution process 
(see section 4.2.2) at wavelengths longer than the 
absorption edge of the As-S film. The strength of Ag-S 
bonds is likely to be weaker than that of As-S bonds and 
therefore lower energy photons are required to break Ag-S 
bonds. In other words photodissolution is caused by 
photons interacting with the photodoped layer and not the 
As-S film. However, the generation of holes and electrons 
in the As-S film by photoconductivity might play some 
role in the photodissolution process. 
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CHAPTER 10 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
10.1 	Conclusions 
10.1 .1 	Photodarkening in As-S compounds 
It has been found that the reversible part of the 
photodarkening effect observed in As-S films, thin bulk 
samples and glassy powders is accompanied by an increase 
in the Raman band with its maximum at 231 cm -1 . This was 
interpreted as an increase in the As-As bond density as a 
result of illumination. This experimental evidence 
supports previous speculative suggestions about bond 
redistribution or a photolytic chemical reaction 
connected with photodarkening. The actual state of 
chemical bond redistribution depends on the intensity and 
wavelength of illumination and also on the temperature of 
the film. Photodarkening is a dynamic process which has 
an equilibrium position which can be shifted by changes 
of temperature and conditions of illumination. This 
interpretation gives a structural meaning to the 
double-well model. It also predicts the increase in 
volume of illuminated films. 
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10.1.2 	Photodissolution of Ag into As-S compounds 
Raman results suggest that photodoped as-evaporated 
films of As 2S31 As 35 S 62 and As 20 S 80 are phase separated 
whereas photodoped As 30 S 70 films are homogeneous and have 
a structure similar to that of a bulk glass within the 
central region of glass formation and close to the 
Ag-As 30 S 70 tie line. Therefore compositions in the 
approximate range As 36S64to As 28 S 72 would be expected to 
form a homogeneous Ag photodoped phase since their tie 
lines pass through the central region of glass formation. 
Kinetic 	experiments 	have 	shown that 	the 
photodissolution process is a 1st order chemical process 
and that the mobile species are Ag ions. Also, results 
which concern the migration of Ag atoms which occurs when 
photodissolution is carried out on a conducting 
substrate, indicate that the actinic radiation is 
absorbed in the photodoped layer, close to the interface 
between the doped and undoped regions. A mechanism based 
on the tarnishing process has been found to be 
appropriate in explaining the photodissolution process. 
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10.2 	Further work 
Raman scattering was found to be a useful technique 
for investigating the photodarkening effect. Further 
experiments could therefore be carried out on other 
chalcogenide systems which exhibit photodarkening. It 
could be applied to the As-Se, Ge-Se and Ge-S systems and 
also pure Se. 
Similar remarks apply to metal photodissolution. 
Raman spectroscopy proved useful in identifying the 
products that are formed after photodoping and the 
technique could therefore be used to look at metal 
photodoping in other chalcogenide systems. 
A particular problem with Raman scattering from thin 
films is the weak Raman signal due to the small analysing 
volume that is used. A poss ible way to improve the 
situation and increase the Raman signal is to use a 
prism-coupling technique, such as is commonly used in the 
field of integrated optics. 
More photodissolution kinetics experiments could be 
performed, in particular the temperature dependence of 
the photodissolution rate could be investigated. Both the 
lateral and transverse photodissolution arrangements 
could be used. It would be important however to separate 
out the different stages of dissolution so that, for 
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example, an activation energy for the latter diffusion 
process could be found. 
Further experiments might include investigating the 
effect of pre-heating (annealing) and pre-illumination of 
the As-S or the Ag/As-S combination prior to 
photodissolution. 	Again 	the lateral and transverse 
experimental geometries could be used. 
Finally, 	ways 	of improving the photodissolution 
sensitivity could be investigated. This is of particular 
importance when applying the photodissolution process to 
industrial applications, such as photoresist technology 
in microlithography. Ways of doing this might include 
modifying the chalcogenide. For example, if ionic 
conductivity of the photodoped region is important, 
adding small amounts of iodine would enhance the ionic 
conductivity and - possibly enhance photodoping 
sensitivity. Another might involve using a more reactive 
metal such as Cu or, to tailor sensitivity, a Cu/Ag 
alloy. 
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APPENDIX I 
This appendix lists a computer program that was 
used to calculate film thickness based on the frequency 
change of an oscillating quartz crystal. Equation (5.1) 
descibes the relationship for obtaining film thickness as 
a function of frequency shift. It can also be rearanged 
to give the frequency shift for a required film thickness 
and this was also incorporated in to the program. 
10 	MODE 7 
20 	CLS 
30 	G=6E6:REM For 6 MHz crystals 
40 	PRINT:PRINT 
50 	INPUTTAB(0,3)"Present frequency "F 





120 PRINT ' "Frequecy change or thickness' 
130 As = GET$ 
140 IF A$="T" THEN 200 
150 INPUT ' "Thickness (anstroms) 	"T 
160 L=L+T:L=L*1E_8 
170 S=1 / ( (C*P*L)+( 1 /G) 
175 PRINTTAB( 0,12) 
180 PRINT "End Frequency (Hz) "S 
si*e 
190 GOTO 250 





240 PRINT ' "Thickness (anstroms) ";Y 
250 PRINT TAB(10,20) "Again (YIN)" 
260 A$=GET$ 
270 IF A$="Y" THEN 20 
280 END 
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APPENDIX II 
In this appendix a computer program is listed which 
was used to obtain the absorption coefficient of a thin 
film from measurements of its transrnissivity. The program 
is based on a method outlined by Dan Goldschmidt, J. Opt. 
Soc. Am. A., Vol 1, No. 3, (1984). The Optical constants 
used in the program are discussed in section 7.3. 
10 n0=1 : REM Refractive index of air 
20 INPUT"wavelength (nM) 	"W 
30 INPUT"Film index "ni 
40 INPUT"Film thickness "d 
50 INPUT "Substrate index "n2 
60 W=W*1E_7 : d=d*1E7 




130 A=(1-R01 )*(i_R12)*(1_R20)*EXP(_a*d) 
140 B=(i_R12*R20):K=(2*pI*nl)/W 
150 C=2*SQR(RQ1*R12)*(1 _R20)*EXP(_a*d)*CO5(2*K*d) 
160 DRO1*(R12_R20)*EXp(_2*a*d) 
190 T=A/(B-C+D) 
200 PRINT ' "d ";d 
210 PRINT ' "transmissivity is ";T 
220 GOT080 : REM 	try 	another 	"a" 	value 	if 
transmissivity not equal to measured value. 
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APPENDIX III 
This appendix lists the computer program that was used to 
calculate the reflectivity of two abso rbing film layers 
on an absorbing substrate. It represents an optical model 
of the photodissolution of Ag in to As-S films. The 
optical constants used in the program are discussed in 
section 8.4.2. 






70 dAg=500 	:REM Ag film thickness 
80 dl=700:st=10:REM As-S film thickness and step size 
90 dd=dl 
100 nl=2.4:kl=0 	:REM As-S film 
110 n2=2.75:k2=0..025 :REM Photodoped film 
120 n3=0.5:k33 	:REM Ag film substrate 
130 w=0.6328E-4 	:REM wavelength of He-Ne laser 
140 ra=2 
150 CLG 
155 REM VDU display routine 
160 DRAW 0,1023:DRAW 1279,1023:DRAW 1279,0:DRAW 0,0 
170 ST=st+(st/ra) 
180 D1=(dl+(dl/ra)) 
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190 F=1279/D1 
210 FOR d2=0 TO Dl STEP ST 











330 DRAW X,Y 
340 dl=dl-st 
350 NEXT d2 
360 REM : routine for saving data on disc 
380 PRINT"Do you want to create a file?" 
390 A$=GET$ 
400 IFA$="N" THEN END 
410 INPUT"File name "A$ 
420 F=OPENOUT(A$) 
430 FOR J=1 TO j 
440 PRINT £F,X(J),Y(J) 
450 NEXT J 
460 CLOSEEF 
475 PRINT "dl= ",dd 
477 PRINT"no of points= ",j : END 
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520 DEF PROCfilml 
530 C=(nO+nl )A2k1A2 
540 g1=(nO_2_n12_k1A2)/C 
550 hl=(2*nO*kl )/C 
560 	C=(fll-t-ri2)"2+(kl+k2)'2 
570 g2=(n1a2_n22+k1A2_k2A2)/C 
580 h2=(2*(nl*k2_n2*kl ))/C 
590 C=(2*PI*dl )/w 
600 al=C*kl :yl=C*nl 
610 p2=EXP(al)*COS(yl) 
620 q2=EXP(al )*SIN(yl 
630 t2=EXP(-al )*(g2*COS(yl )+h2*SIN(yl )) 
640 u2=EXP(-al )*(h2*COS(yl )_g2*SIN(yl ) 
650 p12=p2+gl*t2_hl*u2 
660 q12=q2+hl*t2+gl*u2 
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760 DEF PROCf11m2 








850 r2=EXP(al )*(g2*COS(yl )h2*SIN(y1 
860 s2=EXP(al )*(h2*COS(yl )+g2*SIN(yi )) 
870 v2=EXP(-al )*COS(yl 
880 w2=-EXP(-ai )*SIN(yl 
890 ri2=r2.ig1*v2_hi*w2 
900 s12=s2+hl*v2+gi*w2 
910 vi 2=v2+gi *r2_hi *s2 
920 w12=w2+h1*r2igi*s2 
930 pl3=p12*p3q12*q3+r12*t3_s12*u3 
940 qi3 =q12*p3 i p12*q3 +s 12*t3 + 12*3 
950 t13=t12*p3_u12*q3+v12*t3_w12*u3 
960 ui3=u12*p3+t12*q3+w12*t3+v12*u3 
970 R2=(tl 32+U13'2)/(pl 3"2+ql 3'2) 
980 ENDPROC 
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ABSTRACT 
Raman spectroscopy has been used to study the struc- 
tural changes occurring in films of As-S glasses of 
compositions As 41 S 59 , As 38S 52 , As 30S 70 and 
after photodoping with Ag. Only the photodoped film 
of composition As 30S 70 produced a single-phase homo-
genous material. In the other photodoped compositions 
there is evidence of phase separation. An explanation 
of these observations is given. 	 - 	 - - 
1. INTRODUCTION 
The phenomenon known as metal photodoping is one of a variety of 
photostructural effects which are known to occur in chalcogenide 
glasses, and although widely studied there is no complete physical 
model for the photodoping mechanism. In recent years interest in 
metal photodoping has increased considerably because of its poten-
tially important applications in submicron photolithography (Janai 
1981). This paper reports on an investigation, based on Raman 
spectroscopy, of the photodoping of films of As-S glasses with 
silver. 
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EXPERIMENTAL 
Films of As-S glasses, of thickness up to 5 urn and with stoichio-
metries ranging from As 2S 3 to As 2 S 8 , were prepared by vacuum evapor-
ation. The compositions of the deposited films were determined by 
electron probe microanalysis, and the compositions quoted are accurate 
to within ±0•5 atom per cent. 
The photodoping experiments were carried out as follows. Half the 
area of a glass slide was first coated with a layer of Al. The whole 
area was then coated with an evaporated layer of Ag, 05-10 urn 
thick, followed by the As-S glass layer, 5-8 um thick. The purpose 
of the Al film was to provide a reflective layer with low Raman 
scattering. Samples were then exposed to a 500 W projector lamp 
which was cooled by a fan to prevent heat reaching the sample. As the 
slide was only half covered with Al it was possible to see when all 
the Ag had dissolved into the chalcogenide film. When the photodoping 
was complete the film was etched in alkaline solution to remove the 
undoped As-S layer. The final thickness of the (Ag-doped) As-S film 
was in the range 15-35 urn. Conventional back-reflection scattering 
was used to obtain the Raman spectra with the 6764 R line from a 
Kr ion laser (Firth et al. 1981). 
RESULTS 
In Figure 1, curves A and B are the spectra of As-S film of composi-
tion As 41S59 and As 38562 , respectively. The sharp features of these 
spectra are attributed to molecular units of As 45 4 , and the feature at 
491 cm- 1  to the symmetric stretching mode of S-S bonds (Nemanich et 
al. 1978). Spectra C and D in Figure 1 are of the Ag photodoped films 
corresponding again to the original compositions As 41559 and 
As 38S62 , respective] (i.e., as in curves A and B). These two spectra 
are similar, each having two broad Raman bands in the regions 150 
300 cm- I  and 300-400 cm- 
1.  Curve E in Figure 1 is the Raman spectrum 
of amorphous As, and this closely matches the band in the 150-300 cm- I 
region in spectra C and D. The other band, in the region 300-400 cm 
in curves C and 0, is probably due to amorphous Ag-As-S phases, as it 
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Figure 1. Raman spectra of films of composition As 41 S59 (curve A) 
and As 38S 62 (curve B) 	Curves C and D are the spectra for 
Ag photodoped As 41 S59 and As 38S62 , respectively. Curve E 
is the Raman spectrum of amorphous As. 
is known that bulk glasses in the Ag-As-S system have strong Raman 
bands in the same spectral region (Firth et al. 1981). 
Curve A in Figure 2 is the Raman spectrum for a film of composi-
tion As 30S 70 , which agrees well with that of a bulk glass of the same 
composition (Ewen 1978). The features in the region 425-525 cm 1 
are attributed to S in S 8 	 n 
rings and S-S bonds in linear As-S -As 
linkages. Curve B is the Raman spectra of the Ag photodoped material. 
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Figure 2. Raman spectra of films of composition As 30S 70 (Curve A). 
Curve B is the spectrum of Ag photodoped As 30 S 70 . Curve C 
is the spectrum of a bulk Ag-As-S glass of composition 
Ag30As 22 S 48 . 
It has a broad spectrum and comparison with the spectrum of a bulk 
glass of composition Ag 30As 22 S48 , shown in curve C, suggests that the 
photodoped film had the same structure. 
In Figure 3, curve A is the Raman spectrum of a film of composition 
and again this is very similar to the spectrum of a bulk 
glass of the same composition (Ewen 1978). The sharp features are due 
to the vibrations of distorted S 8 rings. The Raman spectrum of the 
Ag photodoped film (curve B) has a very broad band in the region 
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Figure 3. Raman spectra of films of composition As 20S 80 (curve A). 
Curve B is the spectrum for Ag photodoped As 20S 80 . Curve 
C is the spectrum of a Ag2S film formed by reacting S 
vapour with a Ag film. 
100-300 cm- 
1  and a relatively sharp feature at 350-400 cm- 1. The 
other spectrum (curve C) was obtained from a film of Ag 2S formed by 
reacting S vapour with a Ag film which was about 05 pm thick. A 
comparison of spectra B and C suggests that A9 2S is present in the 
photodoped As-S film, which was originally As 20S 80 . The band between 
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350-400 cm— 1, formed during the course of the experiment, probably 
arises from the formation of a Ag-As-S glassy phase. 
4. DISCUSSION 
Figure 4 illustrates the phase diagram for the Ag-As-S system and 
it shows the principal crystalline compounds as well as the glass-
forming regions determined by Kawamoto et al. (1974). Also drawn 
Le 
at. .1. Ag 
Figure 4. Phase diagram of the Ag-As-S system showing the composi-
tions investigated in this paper and some of the knonw 
ternary compounds. Cross-hatching indicates glass-forming 
regions. 
292 	 A.P. Firth et al. 
on the diagram are tie lines joining elemental Ag with four As-S 
compositions studied in this work (the composition As 41 S 59 is taken 
to be approximately As 2 5 3). As the photodoping proceeds the resultiii ; ' 
overall composition must move along these tie lines. Of those four 
lines, only the one joining Ag with As 30S 70 intersects the central 
glass-forming region. This is in accord with Raman results which 
show that Ag photodoped As 30 5 70 has a structure very similar to that 
of a bulk glass within the central region of glass formation and 
close, in composition, to the Ag-As 30S 70 tie line (Firth at al. 
1981). It is possible therefore that in this case the Ag photodoped 
film remains a homogeneous, uniform phase. 
The tie lines joining Ag with As 41 S 59 (As 2S 3) and As 38S62 are on 
the As-rich-side of the central glass-forming region but they do not 
intersect it. The Raman results indicate that amorphous As and an 
amorphous Ag-As-S phase, corresponding in structure to a composition 
within the glass-forming region, are present in the photodoped 
material. This implies that when the overall photodoped composition 
lies outside the glass-forming region, the photodoping also involves 
a process of phase separation. The evidence is that the Ag-As-S 
component which is formed is actually within the glass-forming region 
and that excess As is precipitated, probably in an amorphous form. 
For the system Ag-As 20S 80 the tie line also does not intersect 
the central glass-forming region. In this case, the Raman results 
suggest that initially, Ag2S is formed (although it is by no means 
certain that it is stoichiometric Ag 2S), and only after prolonged 
exposure is there a further photoinduced effect towards the formation 
of a glassy Ag-As-S phase. 
It is premature to extrapolate the latter observation (i.e., 
Ag25 formation) to the whole system, but in general the results of 
this work do suggest that the photodoping process is a two-stage 
solid-state reaction. The initial reaction may be between Ag and S 
in As-S films and it should be noted here that even in stoichiometric 
glassy As 2 S 3 , -S-S- bonds are present (Ewen 1978). It is imagined that 
these homopolar -S-S- bonds are involved in the initial reaction. 
The second reaction is between Ag2S and the remaining As-S matrix. 
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This reaction will proceed only if the reaction products are more 
stable than the reactants. It is likely that this will be so if the 
reaction products are within, or close to, the central glass-forming 
region. The structure of Ag-As-S glasses is based on AsS 3 pyramids 
joined by -S-Ag-S- linkages (Kawamote et al. 1974; Firth et al. 
1981) , so that very little structural rearrangement is required in 
the second reaction. 
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The photodarkening effect was studied in thin film, bulk glasses and 
powdered glasses of composition As29S71, As40S50 and As425S575. 	The 
amount of photodarkening produced in a sample depended strongly on the 
samples state and composition as well as temperature, incident light 
intensity and wvelength. 	Using Raman spectroscopy, vibrational bands at 
231 and 491 cm -1 (assigned to As-As and S-S bond vibrations) were found to 
be enhanced in photodarkened samples. 	We present a model in which photo- 
darkening is due to the formation of Asn clusters (n > 2) which are loosely 
coupled to the amorphous network. 
INTRODUCTION 
Reversible photostructural changes are of current interest because they 
still require fundamental understanding. 	They also have technological 
applications in high density optical storage devices and in micro-photo-
lithography. 
In this paper photodarkening was studied in stoichiometric (As2S3) and non-
stoichiometric As-S samples. 	The form of the samples were thin films, bulk 
glassy solids and glassy powders. 
EXPERIMENTAL 
The composition of the samples studied, in each form were As 40560 , 
Ass425 S575 (referred to as As rich) and As 29 5 71 (referred to as S rich). 
The thin films were prepared by conventional vacuum evaporation, the details 
of which are given in references 1 to 3; further information on the preparation 
of the bulk samples and powders is given in reference 3. 	The samples were 
photodarkened by a 500 W tungsten lamp, an Ar ion laser (A = 514.5 nm) or a 
Kr ion laser (A = 488.0, 530.9 or 568.2 nm). 	Details of the illumination 
conditions and Raman experiments are also given in references 1 to 3. 
RESULTS AND DISCUSSION 
For a given sample, the change of optical properties during illumination 
depended on temperature, incident light intensity and wavelength. 	As 
illustrated in figures 1 and 2, changing the conditions of illumination also 
changed the optical density of the sample. 	Increasing the intensity of 
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FIGURE 1 
Temperature dependence of transmissi-
vity of As2S3 films (measured at 	= 
530 nfl (a). 520 nm (b), 510 nm (c), 
500 nm (d). Vertical lines describe the 
chance produced by illumination (W 
lamp, 1 hour) 
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FIGURE 2 
Change of transmissivity of As253 
films under illumination by Ar laser 
(514.5 nm). Vertical lines correspond 
to the change of intensity of laser 
light. 
incident light produced further photodarkening and its decrease caused some 
bleaching (figure 2). 	The optically induced changes in transmissivity were 
generally larger at lower temperatures (figure 1). 
The reversible photodarkening effect in As-S thin films and bulk glasses 
was accompanied by changes in the intensities of selective Raman bands, 
indicating changes of local structure. 	An example is given in figures 3 and 	4. 
It is clear that the photodarkening has enhanced the 231 cm 	and 491 cm- 1 
Raman bands. 	The 231 cni 1 band has been assigned to As-As vibrations 4,5,6. 
The Raman spectrum of a-As4 has a broad Raman band with its maximum near 
231 cm- 
I 
 and is attributed to As4 pyramid vibrations 
7. 
	The 491 cm- 
I 
 band 
corresponds to S-S vibrations and its intensity in bulk As-S samples increases 
with S content 
4. 
	On annealing (210 °C, -r > 2 hrs.), the original (unillumin- 
ated) state of the photodarkened samples was restored. 	All annealed samples 
had identical optical properties to their previous unilluminated state. 
Photodarkening enhances both As-As and S-S vibrational bands and we assume 
that this corresponds to an increase in As-As and S-S bond densities respect-
ively. Thus illumination can change the densities of chemical bonds in 
amorphous As-S samples. 	An equation describing this process is of the form: 








FIGURE 3 	 FIGURE 4 
Raman spectra of As253 films photo- 	Raman spectra of glassy As2S3 powders 
darkening and excitation of Raman (a) I = 300 K, exciting line 568.2 nflI, 
spectra by 568.2 nm (b), 530.9 nm 	 (b) I = 75 K, exciting line 568.2 nm, 
(c), 488 nm (d), (a) annealed sample 	(c) I = 75 K, exciting line 530.9 nm. 
exc 	647.1 nm). 




where I is the incident light intensity ( 1 1 
5 12), hu i is the incident light 
energy (h v
2
> hv 1 h-v 1 - energy gap), A(T) indicates thermal annealing at a 
temperature 1, driving the system back towards its original state which is 
closer to thermodynamic equilibrium. 	The rate of annealing (bleaching) is 
considerably reduced at lower .temperatures, -but increases rapidly with temper- 
ature. 	The largest change of optical transmissivity and of Raman band 
intensities (231 and 491 cm- I ) were therefore obtained by illuminating at low 
temperatures. 	At temperatures near Ig no optical change could be produced 
and photodarkened samples were completely bleached. In samples in which the 
photodarkened state had saturated, the actual densities of [As-As], [S-S] and 
[As-S] bonds are determined by temperature, condition of illumination (1,h-u), 
chemical composition and state of the sample (bulk glass, thin films or powders). 
We suggest that photodarkening is due to the photoinduced increase in the 
density of [As-As] bonds. 	The As atoms probably form clusters (Asn; n 	2) 
which are loosely coupled to the amorphous network. 	Since As-As bonds are 
longer than As-S bonds photodarkening is expected to produce an increase in 
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thickness (volume) of thin films, and this has been observed experimentally. 
Furthermore, in bulk samples the formation of As   clusters takes place under 
the constraint of the surrounding amorphous network, and consequently it is 
more difficult to photodarken bulk samples (particularly at room temperature, 
where thermal annealing is high). 	However we suppose that the formation 	of 
As clusters is more favourable near to voids or defects where there is free 
volume and no large surrounding constraint. 	There are a larger number of 
defects and voids in evaporated films and powdered glasses and the photo-
darkening is very much larger than in the corresponding bulk samples of the 
same composition. 	Photodarkening sensitivity also increases with As content 
of the samples and therefore we conclude that two conditions are necessary for 
an appreciable photodarkening effect to be observed. 	Firstly, several As 
atoms must be in neighbouring positions and secondly there must be volume 
defects in their vicinity. 
When both conditions are satisfied the light induced redistribution of 
electron densities is stabilized by the formation of relatively stable As
h  
clusters. We believe that similar mechanisms can be used to describe the 
photodarkening effects in amorphous As selenides. 
Further aspects of this paper are described and discussed in more detail 
elsewhere 1,2,3. 
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ABSTRACT 
The photodarkening effect in evaporated AsS, films has been studied. Optical 
transmissivity was measured and its dependence on intensity, wavelength, tempera. 
tore and previous thermal history was found. A structural investigation was also 
made using Raman spectroscopy. A feature at 231 cm in the Raman spectra, 
which is associated with homopolar As-As bonds, is enhanced after photodarkening. 
A model based on the redistribution of chemical bonds under illumination is used 
to explain the results. 
§ 1. INTRODUCTION 
The strong illumination of many amorphous chalcogenides by light whose 
energy is near that of the optical gap may cause changes in optical transmis-
sivity, refractive index, rnicrohardness, density and other physical and chemical 
properties (see, for example, Tanaka and Ohtsuka 1978, Grigorovici and Vancu 
1981, Averjanov, Kolobov, Kolomiets and Lyibin 1980). These so-called 
photostructural effects have a variety of potential applications in optical and 
optoelectronic devices, and in recent years they have been the subject of 
considerable research. 
Many materials have been investigated, among them thin films in the 
amorphous As-S system and in particular the composition AsS 3. The coin-
pound A82S3 is favoured because of its relative structural simplicity it is 
easily prepared and amorphous thin films are stable with a low tendency to 
crystallize. During evaporation the vapour phase of As8 3 dissociates into 
molecular-like particles such as As 252, As3S4 , As4 and S5 , and these molecular 
units can be found in the as-evaporated films condensed onto cold substrates 
(Nemanich, Connell, Hayes and Street 1978, Solin and Papatheodorou 1977, 
Keneman, Bordogna and Zemel 1978 a). The films can be 'polymerized ' , 
either by annealing near the glass transformation temperature T. or by 
strong illumination with photons of energy close to that of the optical gap, 
Eg. The 'polymerization ' is accompanied by an irreversible change in 
structure and other physical properties of the films. The final structure of 
well-annealed thin films is similar to that of bulk glasses of As 2S3 (Solin and 
Papatheodorou 1977, Nemanich et at. 1978). The illumination of well-annealed 
Present address University of Chemical Technology, 53210 Pardubice, 
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samples by light with an energy near that of the band gap produces further 
changes in optical transniissivity, and other properties, which are reversible. 
The original state can be fully restored by annealing near Tg , or partly 
restored by illumination with light of energy lower than 4: 
Several models have been suggested to explain the reversible photo-
structural changes. Unfortunately they are mostly speculative, without 
directly supporting evidence, and cannot explain all the experimental observa-
tions. Berkes, Ing and }lillegas (1971), Keneman eta?. (1978 a, b) and Tanaka 
and Kikuchi (1972) have all proposed that illumination of the films changes 
the distribution of chemical bonds in the material, and that products of photo-
lysis such as sulphur and arsenic are formed. It is suggested that arsenic 
oxide is also formed when illumination is carried out in air (Berkes et a?. 
1971). 
Another model of photo-induced reversible changes in chalcogenide layers 
assumes that there occurs photo-induced polymerization of the layers (see, 
for example, Grigorovici and Vancu 1981). As already mentioned, however, 
annealing of samples at temperatures near erases ' the photo-induced 
changes if this model were correct the annealing process would be connected 
with depolymerization, but there is no experimental evidence to support 
this. Moreover, the polymerization model predicts densification and a 
consequent decrease in the thickness (volume) of the sample after illumination, 
in contradiction to the experimental results for As 2S3 (Tanaka 1976, }iamaka, 
Tanaka and Iiziina 1977). 
A third approach to the explanation of reversible photostructural changes 
in chalcogenide films is essentially phenomenological (see, for example, Tanaka 
1980, Krasnov and Remesnik 1980, Averjanov et a?. 1980). It is proposed 
that at least two metastable states connected with a rearrangement of chemical 
bonds and atomic positions occur in amorphous chalcogenide films. Bandgap 
illumination is supposed to change the electron densities, and consequently 
the positions of some of the atoms are also changed. This stabilizes the new 
state and the previous optical properties are changed. 
In this paper we report results on the optical transniissivity and its 
temperature and spectral dependence, as well as new results of a Raman 
study of photostructural changes in As 253 films. Both annealed and photo-
darkened states have been studied, as well as the behaviour of amorphous 
As2S3 during illumination at different wavelengths and light intensities. The 
aim of the work is to provide new data on the reversible part of the photo-
structural changes in thin films of amorphous As 2S3 . 
§ 2.. EXPERIMENTAL 
Thin films of amorphous As 2S3 were deposited by vacuum evaporation 
onto microscope slides or slides of Corning 7059 glass, using as the source 
material small fragments of bulk As 2S3 glass of 99-999% purity. The vacuum 
was less than 10 Torr, and the substrate was at room temperature. For 
some of the Raman experiments the substrate was first covered with a thin 
evaporated layer of Al. During deposition the thickness of the amorphous 
As2S3 films was measured with a quartz thickness monitor. Films of total 
thickness ranging from 1 to 5 jim were prepared, at a deposition rate of 
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2-5 nm s. The As0S3 layers were annealed at 200-21 0C for at least 
I hours the heating and cooling took between 2 and 4 hours. To avoid 
oxidation of the As 2S3 , the samples were subsequently both annealed and 
illuminated in an atmosphere of dry N 2 . 
Raman spectra were measured using conventional back-reflection scattering. 
The samples were excited mainly with red light of wavelengths 6764 and 
6471 nm from a Kr-ion laser. Green lines at 568-2 and 530-9 mu and the 
blue line at 488-0 nin were also used. A Coderg computer-controlled T800 
triple spectrometer with a cooled RCA-03 1034A photornultiplier operating 
in the photo-counting mode were used for detection. All spectra were 
measured at room temperature with a spectral slit width of 3 cut -'. The 
laser was only slightly focused, and the power was kept below 50 mW. 
Plasma lines were removed by a prism filter. 
Samples were photodarkned with a 600 W tungsten lamp at a distance of 
20 cut. A solution of IM Cu80 4 . 5H 20, 2 em thick, was used as an infrared 
filter. Samples were also illuminated by an Ar-ion laser fitted with a. spatial 
filter and a beam-expanding system. Intensities up to 200 mW c111 2 at 
wavelengths of 488-0 and 514-5 nm were used. In some cases samples were 
actually phot.odarkned during the recording of the Raman spectra using the 
exciting wavelengths of 5682, 530-9 and 488-0 nm. The optical trans-
missivity of the films was also measured during the recording of the Raman 
spectra. 
§ 3. RESULTS 
The optical transmissivity of thin films of As 283 is influenced strongly by 










The spectral dependence of the transmissivity of As 2S3 thin films. (a) Curve (i) 
as-evaporated film, curve (ii) annealed film, curve (iii) annealed film exposed 
to tungsten lamp for 1 hour. (b) Annealed film measured at (i) 300 K, (ii) 
405K, (iii) 501 K. 
the thermal history of the film. Typical results are shown in figs. 1 to 4. 
Curve (i) in fig. 1 (a) shows the transmissivity as a function of wavelength 
for an as-deposited, vacuum-evaporated thin film of As 283 curve (ii) is for 
an annealed film (200°C, 1 hour) and curve (iii) for a film after illumination 
(tungsten lamp, 1 hour) all curves were measured at room temperature. 
The sequence of measurements could be (i)—.(ii)-3(iii)--.(ii)---.(iii) and so on, 
or (i)—*(iii)--.(ii)--.(iii) and so on. In fig. 1(b) the curves (iv), (v) and (vi) 
are for an annealed film measured at 300, 405 and 501 K, respectively these 
results simply correspond, of course, to the decrease in optical energy gap 
with increasing temperature and illumination. 
Figure 2 illustrates in more detail the effect of temperature (and heat 
treatment) on transmissivity at four different wavelengths. Again, these 
results could be obtained in a variety of ways. For example, curve (c) (A= 
510 nm) could be traced out by starting at point 1, corresponding to an 
annealed film at about room temperature. Illumination would cause the 
transmissivity to decrease down a vertical line to point (2). On raising the 
temperature the transmissivity decreases still further (as in fig. 1 (b)), and 
at a high enough temperature (in this case about 160°C) the sample is at least 
partially annealed '. In the particular experiment illustrated the tempera-
ture was then decreased continuously to about - 170 °C and the upper curve, 
corresponding to an annealed sample, was traced out. At - 170°C the film 
was illuminated and the transmissivity decreased down the vertical line. On 
reheating the transmissivity decreased further, along the lower line, and the 
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The temperature dependence of the transinissivity of As 2S3 thin films measured at 
(a) A=530 nm, (b) A=520 nm, (c) A=510 nm and (d) A=500 nm. The 
vertical lines correspond to the change in transmissivity produced by illumina-
tion by a tungsten lamp for I hour. 
loop could be retraced. It would also be possible, of course, to stop at any 
intermediate temperature to carry out the photodarkening process, for example, 
as indicated by the dashed vertical line at about - 10000. Note, however, 
that the temperature cycling of the upper part of the loop could be followed 
in either direction, but the vertical transitions (photodarknening) can occur 
only in the downward direction. 
Figure 3 illustrates the development of the photodarkening effect at room 
temperature as a function of time, but with the illumination turned off and 
on at arbitrary intervals during the on-periods the inten ,sity of illumination 
remained constant. A similar experiment is recorded in fig. 4, but here the 
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Fig. 3 
Tr 
10 	 20 	 30 
V/mm 
The change in the transrnissivity of annealed As 0S3 thin films during illumination 
at a constant intensity by 514-5 urn laser light. The vertical arrows corres-
pond to the closing (L) and opening (1) of a shutter. The measurements 
were made at room temperature. 
intensity at different times. The following points should be noted from 
figs. 3 and 4. 
A small annealing effect is observed, even at room temperature. 
On illumination there is an initial rapid decrease in optical trans-
niissivituy -(photodarkening), but on interrupting the illumination the 	- 
transmissivity increases (annealing) and then decreases again on 
further illumination (fig. 3). 
On decreasing the intensity of illumination, photobleaching is observed 
(fig. 4), whereas on increasing the intensity further photo-darkening 
occurs. 
The rates of photodarkening and bleaching are not the same (fig. 4). 
This asymmetry implies that the changes in transmissivity cannot be 
caused by thermal effects (that is, by the small changes in sample 
temperature during and after illumination). 
After prolonged exposure at a particular intensity the optical trans-
missivity decreased to a saturation value. In the saturated state the 
photodarkening is determined, at a given temperature, by the wave-
length and intensity of illumination. This implies, that for a given 
intensity, the cycles of changes traced out in fig. 2 are unique provided 
the photodarkening (that is, the lower part of the cycle) has reached 
its saturation value. 
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Tr 
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t/rnin 
The change in the transmissivitv of As 2S3 thin films when illuminated by 5145 nm 
laser light. The vertical arrows correspond to increasing (1) and decreasing 
(j) incident laser intensity. The curves were measured at room temperature. 
The total change in transmissivity for the reversible part of the photo-
structural change was greater than 90% of its initial value at a wavelength 
of 5145 nm. The upper level of the intensity of illumination which can be 
applied is limited by irreversible processes which would lead to melting and 
disintegration of the sample. 
The Raman spectra of evaporated A8083 films are shown in fig. 5. Curve 
(a) shows the as-deposited film. The characteristic sharp features in the 
region 100-250 cut- ' have been assigned to molecular units such as As 4S4 , 
S and As4 (Ewen 1978, Nemanich et al. 1978, Solin and Papatheodorou 1977). 
After annealing the film curve (b) was obtained. The sharp features are 
considerably reduced, but relatively broad features with maxima at 187 and 
231 cm- 1 remain. Similar results were observed by Nemanich a al. (1978) 
and were taken as evidence that some 'wrong ' bonds of the type As-As and 
S-S exist even in well-annealed As 2S3 films. 
Figure 6 shows the effect of illumination on the Raman spectra of As 2S3 
layers. It can be seen that the bands with maxima at 187 and 231 cm- 1 are 
clearly affected by the illumination. The intensity of the band at 231 cm' 
is increased, while the intensity of the band at 187 cin' is decreased. Similar 
results were obtained by Ewen (1978) on bulk As2S3 glasses. Ewen observed 
a general decrease in the intensity of the Raman spectrum during illumination, 
but the relative intensity of the band at 231 cm increased. The results are 
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Fig. 5 
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The Raman spectra of a typical As4S 3 film illustrating reversible photodarkening. 
(a) The first annealed state, (b) the photodarkened state produced by Ar-ion 
laser illumination, (e) the second annealed state and (d) the second photo. 
darkenedstate produced by Ar-ion laser illumination, All the spectra were 
recorded using the 647-1 mm wavelength, and were normalized to the height 
of the 340 cm -1 Raman band. 
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also in agreement with those of Bertoluzza, Fagnano and Monti (1979) who 
found that illumination of As.S glasses with x 3 changed the Raman spectra. 
The Raman band near 231 cnr' was enhanced, and the intensity of the band 
at 187 cm' reduced. 
Curve (c) in fig. 6 was obtained after annealing the film a second time. It 
is clearly similar to curve (a), showing that the observed reversible photo-
darkening is connected with reversible changes in structure. Curve (d) was 
obtained after the sample was illuminated again. The enhanced 231 cm' 
band and the reduced 187 cm -' Raman band are again seen. The cycling 
between the well-annealed and photodarkened state was repeated many times 
with reproducible results. 
Figure 7 shows the Raman spectra of As 28, films which were photodarkened 
using the exciting wavelength. The Raman spectra were recorded after the 
photodarkening had saturated. Curve (b), (c) and (d) were recorded using 
wavelengths of 568-2, 5309 and 488-0 nm, respectively, and they reveal a 
further enhancement of the 231 cm -' Raman band compared with the photo-
darkening state shown in fig. 6. Curve (a) shows the Raman spectrum of a 
well-annealed film for comparison (\= 647-1 nm). Changes in the Raman 
spectra (fig. 7) and transmissivity were reversible, and after annealing the 
original state (fig. 7, curve (a)) was restored. The reversibility was demons-
trated several times. 
Since the results are similar over a broad range of wavelengths (568-2-
488-0 nm) this indicates that the observed enhancement of the 231 cm -' 
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Raman spectra of AsS 3 thin films. (a) An annealed film (Aexc=6471  nm). (b, c. 
d) The spectra of films that were photodarkened and excited using the wave-
lengths 568-2, 5309 and 488-0 nm, respectively. 
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The sharp Raman band at 231 cnr' in the Rainan spectra of As 2S, glasses 
has been assigned to the vibrations of As-As bonds, as reported by Ewen 
(1978), Nemanich et al. (1978), and Kosek, (]impl, Matvas and Pisarcik (1982). 
In these papers the increase in the intensity of the Raman band at 231 cu -1 
was correlated with an increase in the As content of the glass, and was thus 
related to an increase in the As-As bond density. Moreover, the Rainan 
spectrum of amorphous arsenic has a broad band between 170 and 310 cnr 1 , 
the centre being at 225 car' (Lannin 1977, Davis 1981). Lucovsky and 
Knights (1974) studied the infrared absorption spectra of amorphous As and 
found a strong absorption band centred at 230 cnr' which they connected 
with the vibrations of As 4 pyramids. 
§ 4. Dis.çussiox 
From these results we deduce that the enhanced 231 cin' band in the 
Raman spectra of As 2S3 thin films is caused by an increase in the density of 
As-As bonds in photodarkened layers. The band is not as broad as the 
band at 231 cm -' found in amorphous As (Lannin 1977, Davis 1981), which 
may be a result of the more molecular nature and the weaker coupling of 
As-As atoms into the amorphous network in photodarknened films. Since 
we have found that the intensity of the Raman band at 231 cnr' is increased 
with photodarkening and decreased with annealing, this suggests that the 
reversible part of the photodarkening effect is associated with a redistribution 
of chemical bonds in As 253 layers which involves an increase in the density of 
As-As bonds under illumination. 
In well-annealed films of As 283 , the hetero-tpe bonds of As-S are preferred, 
and the reversible structural change connected with photodarkening can be 
described by 
	
2 iAs_SIjAs_As? + Is-si. 	 (1) 
Equation (1) shows that the bond statistics of As28 3 films are shifted by 
strong illumination from a. state which is close to the chemical ordered model 
towards a state described by the random network model. The randomness 
of the chemical bond distribution is therefore increased.  
In a chemical approach the photodarkening process can be described as a 
photolytic reaction, 
i.i'., I, 
As253 	AS2S3_r +1•S, 	 (2) 
.1(T). Sw,. I, 
where I is the incident light intensity (I,> 12 ) '  hr1 is the incident light energy 
(liv2 ?hv, hv i =Eg of the glass). .4(T) indicates thermal annealing at a 
temperature T. Similar suggestions have already been made by several 
authors, but mostly without the support of direct evidence. 
The formation of homo-type bonds (As-As and S-S) from hetero-type 
bonds in As-S layers is possible without large structural rearrangement a 
proposed mechanism is illustrated in fig. S. The final products of this re-
action are probably As, (n? 2) clusters. 
The formation of relatively stable homo-type bonds in compound chalco-
genides (for example, As-As bonds in As 2S3 ), which corresponds to a decrease 
in the formal valence state of ' metallic ' atoms, is possibly the factor which 




(a) 	 (h) 
A simplified model illustrating the structural units in (a) photodarkened and (b) 
annealed As0S3 films. The formation of As clusters with n_>2 will be a 
further stage in the process. 
enables the formation of two metastable states in these compounds. Photo-
structural effects have been found in chalcogenide systems containing As, Sb 
and Ge, and each of these elements can form lower-valence chalcogenides and 
relatively strong hoino-type bonds. 
The chemical reactions described by eqns. (1) and (2) are thermodynamically 
unfavourable (G is positive). The As-As bonds or As clusters formed by 
photodarkening can be spontaneousl y dissolved ' and converted back to 
As-8 bonds. The rate of this process is slower at low temperature, and only 
in the vicinity of Tg , where the atoms are relatively mobile, can thermal 
bleaching dissolve ' all types of As,, clusters (ii) 2) and completely reverse 
the photodarkening process. At lower temperatures, where only partial 
photobleaching occurs, the smaller As, clusters (n = 2) represented by single 
As-As bonds can probably be dissolved, and larger As clusters—for example, 
As4 pyramids—may be relatively stable and form the steady-state part of the 
photodarkening effect. As the formation of As clusters involves the absorption 
of several photons, the density of As-As bonds at a given temperature and 
wavelength depends on the intensity of illumination. Changes in the density 
of As clusters, or of As-As bonds, which are directly related to changes in 
optical density, Nvill be influenced by changing the intensity of the incident 
light or by the temperature of the layer (see figs. 2-4). 
The photodarkening effect is thus a dynamic process, and some photo-
bleaching of films can be observed even at room temperature (see figs. 3 and 4). 
The observed intensity of the 231 cm' Raman band is lower in samples 
measured several hours after photodarkening (fig. 6) than in samples photo-
darkened to saturation by the exciting wavelength used to record the Raman 
spectra. 
The amorphous state contains many defects of local structure, and the 
energy of individual bonds has no sharp value. Thus, as we have found, even 
illumination of As2S3 layers with liv< Eg can produce the photodarkcning 
effect, but the change in transmissivitv is lower than the change produced by 
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bandgap illumination. This result is also in accordance with the data 
obtained by Tanaka (1980). 
In crystalline As 4S,, (n= 3, 4), and probably in the amorphous As-S 
systems, As-As bonds are longer than As-S bonds (for example, in As 454 
As-As =2-59A and As-S=2-24A, and in As 453 As-As =245A and As-S= 
221 A; Porter and Sheldrick 1972). In our model the photodarkening is 
connected with the breaking of some As-S bonds. Instead of shorter As-8 
bonds, longer As-As bonds are formed. The reported increase in the thick-
ness of As 2S3 layers after illumination (Tanaka 1976, Hamaka ci at 1977), 
which was confirmed in this work, can be accounted for if it is assumed that 
a small fraction of the As-8 bonds contribute to the change in thickness. 
Only changes in bond length perpendicular to the substrate plane contribute 
to the thickness change AX 
AX=Ab sin i/i, 	 (3) 
where the change in bond length per bond, A b, is given by 
Ab = f(b 429 +b5 ..5 ) -bAS _s , 	 (4) 
and çb is the angle between a given bond direction and the substrate plane. 
Thus, the mean value of AX is 
AX=(Ab/n) J sin 0 d#=2Ab/7. 	 (5) 
A similar expression can be obtained for the average layer thickness X 0 of 
the original As-S bonds 
and hence 	 X 0= 
AXIX O = Mi/hA S_s. 	 (6) 
For the bond lengths quoted above, and with b5 _5 = 22 A, these equations 
give AX/X0 = 0-068. 
According to Hamaka c/ al. (1977), the relative change in thickness deter-
mind experimentally is 0-004, and hence the fraction of As-S bonds involved 
in the photostructural change is 0'004/0-068 = 0059, approximately 6% of the 
total. 
§ 5. Coycr..usioxs 
We hae found that the reversible part of the photodarkening effect 
observed in As253 films is accompanied by an increase in the Raman band 
with its maximum at 231 cm- 1 . This was interpreted as an increase in the 
As-As bond density as a result of illumination. This experimental evidence 
supports previous speculative suggestions about bond redistribution or a 
photolytic chemical reaction connected with photo-darkening. The actual 
redistribution of chemical bond depends on the intensity and wavelength of 
the illumination, and also on the temperature of the film. Photodarkening 
is a dynamic equilibrium which can be shifted by changes in temperature and 
in the conditions of illumination. Our interpretation gives a structural 
meaning to the double-well model, and also predicts the increase in volume 
of illuminated films. 
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